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REMARKS 

The notice of the change of the examiner is acknowledged. 

Claims 1-5 and 39-58 are currently pending. Applicant draws the examiner's attention to the 
erroneously identified claims in the communication, on page 2, last paragraph: "Claims 1-6 remain 
rejected. . .", which should read "Claims 1-5 remain rejected. . .". The same error is found on page 8 
of the communication. 

Claim 1 is currently amended to incorporate the limitations of claim 4, and claim 4 is hereby 
canceled without prejudice or disclaimer. 

Claim 5 is currently amended to make it depend from claim 1 and to substitute the term "Akt 
nucleic acid", as recited in claim 1 5 for the term "Akt molecule". 

No new matter has been introduced. 

Elected Subject Matter 

The examiner has withdrawn claims 51-58 from consideration, which claims are drawn inter 
alia to a method of treating myocardial infarction comprising the step of administering to a subject 
in need of such treatment an Akt polypeptide in an amount effective to inhibit cardiac tissue 
necrosis in the subject, as allegedly being drawn to subject matter which has been previously 
withdrawn from consideration as being drawn to a non-elected invention. Applicant respectfully 
traverses. 

Based on the restriction requirement mailed on August 30, 2000, Applicant elected with 
traverse Group I, corresponding to claims 1-5, drawn to a method of treating myocardial infarction 
by administering an Akt molecule, classified in class 514, subclass 2. As acknowledged by the 
examiner on page 3 of the Office Action, the specification teaches that "an Akt molecule" embraces, 
in pertinent part, both a nucleic acid encoding an Akt polypeptide and an Akt polypeptide. The 
definition of Akt molecule is provided, for example, on page 7 line 26 through page 8 line 12, as 
follows: 
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An "Akt molecule", as used herein, embraces both "Akt nucleic acids" 
and "Akt polypepides" (discussed below). Akt molecules are capable of 
inhibiting apoptotic cell-death of a cell such as a cardiomyocyte, a skeletal 
myocyte or a vascular endothelial cell both in vivo and in vitro. 

An "Akt nucleic acid", as used herein, refers to a nucleic acid molecule 
which: (1) hybridizes under stringent conditions to a nucleic acid having the 
sequence of SEQ ID NO. 1 and (2) codes for an Akt polypeptide (i.e., a 
polypeptide that inhibits apoptotic cell-death of cells, and in particular, inhibits 
apoptotic cell-death of cardiomyocytes, skeletal myocytes and vascular 
endothelial cells. Preferably the Akt polypeptide maintains a serine-threonine 
kinase activity. The preferred Akt nucleic acid has the nucleic acid sequence of 
SEQ ID NO. 1. The Akt nucleic acids of the invention also include homologs and 
alleles of a nucleic acid having the sequence of SEQ ID NO. 1, as well as 
functionally equivalent fragments, variants, and analogs of the foregoing nucleic 
acids. "Functionally equivalent", in reference to an Akt nucleic acid fragment, 
variant, or analog, refers to a nucleic acid that codes for an Akt polypeptide that 
inhibits apoptotic cell-death of cells, and in particular, inhibits apoptotic cell- 
death of cardiomyocytes, skeletal myocytes and vascular endothelial cells. 
Preferably the Akt polypeptide maintains a serine-threonine kinase activity. More 
specifically, "functionally equivalent" refers to an Akt polypeptide that has a 
serine-threonine kinase activity and is capable of enhancing survival of a cell that 
may undergo apoptotic cell-death. 

Thus, Applicant asserts that the recitation "an Akt molecule" as defined by the specification is 
meant to encompass both Akt nucleic acids and Akt polypeptides. Applicant reasonably relied on 
this definition in responding to the restriction requirement mailed on August 30, 2000. 
Accordingly, it is respectfully requested that the examiner reconsider the withdrawal of claims 51- 
58, extend consideration to the subject matter of these claims, and withdraw the finality of rejection. 

Rejections Under 35 U.S.C. § 1 12, First Paragraph 

Claims 1-5 and 39-50 are rejected under 35 U.S.C. § 1 12, first paragraph, as allegedly 
failing to comply with the enablement requirement. According to the examiner, the specification, 
while enabling for "A method of treating a subject for myocardial infarction, comprising the step of: 
administering to the subject in need of such treatment a composition comprising a replication- 
defective adenovirus comprising a polynucleotide, wherein said composition is administered acutely 
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into the apical and anterolateral free wall of the heart, wherein said polynucleotide comprises a 
nucleotide sequence that encodes an Akt polypeptide, operatively linked to a promoter to promote 
expression of the Akt polypeptide in cardiomyocytes, wherein the Akt polypeptide comprises: the 
amino acid sequence of SEQ ID NO:2", does not reasonably provide enablement for the broadly 
claimed invention. The examiner states that the specification does not enable any person skilled in 
the art to which it pertains, or with which it is most nearly connected, to practice the invention 
commensurate in scope with these claims. 

The examiner argues that the claims are broadly inclusive of treating myocardial infarctions 
via gene therapy or by simply administering any Akt polypeptide or nucleic acid in any manner and 
that "one can not extrapolate the teachings of the specification to the scope of the claims because 
applicant has not enabled all of these types of modified Akt proteins and nucleic acids for the 
treatment of myocardial infarctions" (emphasis added). Applicant respectfully asserts that the 
teachings of the specification, including but not limited to the working examples provided in the 
specification, are sufficiently enabling such that one of ordinary skill in the art can make and use the 
instant claimed invention. There is no requirement to provide a working example for any 
embodiments, let alone all of the embodiments. Nevertheless, the specification does disclose a 
number of embodiments of the claimed invention. 

For example, Example 4 provides a working example of a method of treating a subject for 
myocardial infarctions using a replication-defective adenovirus, wherein a subject is administered a 
composition comprising an Akt polynucleotide which is administered acutely into the apical and 
anterolateral free wall of the heart. The examiner acknowledges that such embodiment is enabled as 
disclosed. Applicant disagrees that the invention is strictly limited to that particular exemplified 
embodiment, as suggested by the examiner. However, solely for the purpose of expediting the 
examination process, Applicant has, with traverse, amended the claims to incorporate some of the 
limitations suggested by the examiner. 

Provided that the instant embodiment is enabled, it naturally follows that other 
embodiments, in which an Akt polynucleotide sequence encodes an Akt polypeptide that shares at 
least 98% sequence identity with that of SEQ ID NO:2, are also enabled. The specification provides 
sequences of Akt polynucleotides encoding Akt polypeptides that share at least 98% amino acid 
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identity with SEQ ID NO:2. The claimed invention teaches a method for treating myocardial 
infarction administering such Akt molecules in an amount effective to inhibit cardiac tissue necrosis 
in the subject. Therefore, it is understood by those skilled in the art that the biological activity of 
the Akt polypeptides sharing at least 98% amino acid identity with SEQ ID NO:2 as claimed is 
retained such that they are functionally equivalent to the Akt polypeptide of SEQ ID NO:2. 
Moreover, by the instant amendment it is specified that the Akt nucleic acid is administered acutely 
into cardiac tissue. Thus, each component of the method of treatment, e.g., the composition, the 
target subject, the amount, the location of administration, and the route/mode of administration, is 
provided. Accordingly, Applicant believes that the enablement requirement is met. 

In addition, the enabling delivery method should not be limited to a replication-defective 
adenovirus, which was taught merely as an example, as suggested by the examiner. Applicant 
respectfully draws the examiner's attention to the specification, for instance, on page 5 lines 12-15, 
as well as throughout pages 11-13, wherein a number of examples of delivery methods are 
described. The specification provides preferred expression vectors for mediating nucleic acid 
delivery, such as adenoviral vector, modified adenoviral vector, retroviral vector, plasmid, 
liposome. Applicant asserts that at the time of filing of the instant application, these various 
delivery methods were known in the art and that experimental protocols for making them and using 
them were readily available. 

For example, San et al. used cationic lipids as a non-viral delivery vector to form DNA- 
liposome complexes for use in vivo (San H et al., 1993, Hum Gene Ther 4:781-8). Similarly, Zhu et 
al. successfully demonstrated systematic gene expression after intravenous DNA delivery into adult 
mice by injection of expression plasmid: liposome complexes (Zhu N et al., 1993, Science 261 :209- 
1 1). These examples provide support for the recitation of cationic lipids on page 13, last paragraph: 

Liposomes are commercially available from Gibco BRL, for example, as 
LIPOFECTIN™ and LIPOFECTACE™, which are formed of cationic lipids such 
as N-[l-(2, 3 dioleyloxy)-propyl]-N, N, N-trimethylammonium chloride 
(DOTMA) and dimethyl dioctadecylammonium bromide (DDAB). 
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Gal et al. showed direct myocardial transfection in two animal models, in which pure 
untreated DNA was injected into skeletal and cardiac muscles (Gal D et al, 1993, Lab Invest 68:18- 
25). The specification also provides, on page 10, last paragraph: 

The Akt nucleic acids of the invention can be delivered to the preferred cell types 
of the invention alone or in association with a vector" (Emphasis added). 

Thus, the recitation is supported by general knowledge in the art at the time of the filing that nucleic 
acid delivery is feasible by various means. 

Similarly, Coffin et al. reported in 1996 that herpes simplex virus 1 (HSV1) can be 
successfully employed for gene delivery in the rat heart in vivo (Coffin RS et al., 1996, Gene Ther 
3:560-6). Moreover, in the study published by Prentice et al. in 1996, it was demonstrated that 
ischemic/reperfused myocardium can express recombinant protein following direct DNA or 
retroviral injection (Prentice H et al, 1996, JMol Cell Cardiol 28:133-40). The specification 
provides examples of viruses that can be used to deliver Akt molecules; see for example page 11, 
starting at line 16, which reads: 

Viral vectors are a preferred type of vector and include, but are not limited to, 
nucleic acid sequences from the following viruses: adenovirus; adeno-associated 
virus; retrovirus, such as moloney murine leukemia virus; harvey murine sarcoma 
virus; murine mammary tumor virus; rouse sarcoma virus; SV40-type viruses; 
polyoma viruses; Epstein-Barr viruses; papilloma viruses; herpes virus; vaccinia 
virus; polio virus; and RNA virus such as a retrovirus. 

Thus, a number of published studies established, prior to the filing of the instant application, 
that in various animal models gene delivery, as well as expression of foreign proteins, was feasible 
and effective by the use of any of a variety of delivery methods, including replication-defective 
adenovirus, modified adenovirus, retrovirus, herpes simplex virus, liposomes, and purified plasmid. 
Therefore, while a working example is provided that used adenovirus as a vector for Akt delivery as 
one embodiment, the claimed invention is not limited to that particular embodiment. 
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Furthermore, according to Feldman and Steg {Cardiovascular Res 35:391-44; 1997), 
cardiovascular gene therapy is no longer a prophetic therapy but "a clinical reality". The following 
passage appears in their review article published in 1997: 

Cardiovascular gene therapy is becoming a clinical reality due to improved 
vectors, delivery systems and careful experimental validation studies. Nearly all 
cardiovascular diseases are amenable to gene therapy, but the optimal 
combination of vector, delivery system and therapeutic gene is likely to be unique 
to each application. Currently, the most efficient vectors available are replication- 
defective adenoviral vectors, but transgene expression is limited in time due to a 
strong immune response. Conversely, non-viral vectors or plasmid DNA may be 
used safely but have very limited efficiency. Percutaneous, catheter-based 
delivery is feasible for most applications. The ultimate issues that will decide of 
the future of gene therapy are safety of the transfer and delivery techniques as 
well as cost/effectiveness comparisons with alternative therapies, including local 
delivery of drugs, proteins and/or mechanical devices. (Abstract) 

Thus, these methods were publicly known and readily available to those skilled in the art at the time 
of filing of the instant application. Optimization is not the proper standard for enablement. 
Optimization per se should not in any case be considered "undue experimentation", for a person 
skilled in the art would appreciate the need for optimizing to each application and that it is within 
routine practice inherent to the art. It is understood that optimal conditions for use are to be 
determined so as to tailor to factors involved in each case, including but not limited to co-existing 
conditions, circumstances of treatment, age of the subject, other health issues and cost. In other 
words, these issues relate to clinical and business aspects but not technical concerns. 

With regard to the reference by Eck et al., cited by the examiner, Applicant asserts that the 
discussion in that reference pertains to a standard relevant to clinical applications, a standard that 
extends well beyond what is necessary to satisfy the enablement requirement under 35 U.S.C. § 1 12, 
first paragraph. Indeed, the discussion in Eck et al. pertains to the domain of the Food and Drug 
Administration (FDA). In fact, the authors do not deny the realistic possibility of gene therapy, but 
cautiously outline technical hurdles that may exist before such therapies can be considered safe and 
be available for wider use for treating human subjects at the level of the FDA safety standard. 
Furthermore, Applicant points out that the Eck reference was taken from a chapter of a textbook 
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published in 1996. It is commonly recognized that information contained in a textbook is often 
outdated by 2-3 years by the time of its publication. Therefore, it is not reasonable to assume the 
teachings of Eck et al. accurately represent the state of the art in 1996, when the textbook was 



In arguing that numerous factors complicate gene therapy, the Examiner also cited Rubanyi 
(2001). Applicant respectfully asserts that the standard held forth by Rubanyi is "convincing 
clinical efficacy" of human gene therapy (see Abstract). Again, this is a standard that extends well 
beyond what is required to meet the enablement requirement under 35 U.S.C. § 1 12, first paragraph. 
Nevertheless, even at this high level of standard, the author states that "the most promising areas for 
gene therapy today are. . .cardiovascular diseases (more specifically, . . . myocardial ischemia. . .)" 
(Abstract, 4 th paragraph). The author further states that "existing gene delivery technologies may be 
sufficient to achieve effective and safe therapeutic benefits for some of these indications" 
(Abstract). Therefore, the cited reference actually supports Applicant's position that the enablement 
requirement is met. 

Taken together, Applicant believes that the claimed invention is enabled as disclosed. 
Reconsideration is thus respectfully requested. 

In view of the foregoing, Applicant respectfully requests that the examiner reconsider and 
withdraw the rejection made under U.S.C. § 1 12, first paragraph, for alleged lack of enablement. 

Applicant believes the pending application is in condition for allowance, apart from current 
pendency of withdrawn claims. Favorable response is respectfully requested. 

Respectfully submitted, 



published. 
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Introduction 

A variety of methods are under development for gene 
transfer to the myocardium and coronary vasculature, 
including the use of adenoviral vectors and the direct 
injection of plasmid DNA (reviewed by Nabel 1 ), where 
it is hoped that they may in the future allow the treat- 
ment of a number of cardiovascular diseases through the 
expression of therapeutic gene products, Example 
conditions for which gene therapeutic protocols can be 
envisaged include ischaemic heart disease or in restenosis 
prevention following percutaneous transluminal coron- 
ary angioplasty. 

Herpes simplex virus 1 (HSV1) has been proposed as a 
candidate vector for gene delivery to the nervous systems 
(reviewed by Coffin and Latchman 2 ) as it can produce a 
lifelong latent infection in neurons. However, HSV1 can 
also infect a wide range of other cell types and could 
therefore be used for gene delivery to non-neuronai cells 
as long as lytic infection were inhibited. Indeed HSV has 
recently been used to deliver lacZ to mouse smooth 
muscle cells in vitro and in vivo* Moreover the parti- 
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cularly stable DNA structure formed by nonreplicating 
HSV genomes may be particularly suitable for allowing 
long-term genetic correction in nondividing cells. HSV is 
highly pathogenic and thus must, like most other viral 
vectors, be disabled in some way. Most replication defec- 
tive HSV-1 vectors contain a deletion to remove one or 
more immediate-early (IE) genes in order to prevent 
virus replication at the earliest possible time after infec- 
tion. These genes must be complemented in trans for 
growth in culture. Alternatively, either an inactivating 
mutation in the gene encoding VMW65 (which trans- 
activates IE genes after infection) can be used to produce 
a nonpathogenic virus, or genes necessary for replication 
in particular target cell types can be removed. A mutation 
of this last type is provided by removal of the ICP34.5 
gene which prevents replication in some fully differen- 
tiated cell types (including neurons) but which still 
allows virus growth in actively dividing fibroblasts in 
culture. 4 Here we have tested disabled viruses of these 
(or combinations of the three) types for the ability to 
direct p-galactosidase (/ncZ) expression in cultured rat 
cardiac myocytes, primary rat aortic vascular smooth 
muscle cells (VSMCs), and a VSMC cell-line in vitro, and 
also tested the most efficient virus in the rat heart in vivo. 
These viruses were either deleted for ICP34.5, ICP34.5 
with VMW65 inactivated, or deleted for 1E2 (encoding 
essential immediate-early protein ICP27). Thus while 



Herpes virus vectors for the heart 

RS Coffin etal 



wild- type HSV is highly neurotrophic, these various 
deletions of the HSV genome would prevent any possible 
neurological complications when using such vectors for 
gene delivery to non-neuronal cells. However, while 
ICP34.5-deieted viruses have already been tested and 
been shown to give safe transgene delivery to the mouse 
and rat central and peripheral nervous systems in vivo 
(manuscript submitted), their efficiency for gene delivery, 
their replication status and the degree of cytopathic effect 
(CPE) produced in cardiac cells or VSMCs were 
unknown at the begining of this study. 

Results 

Experiments were performed both to assess the efficiency 
of gene transfer to the cardiomyocytes and vascular cells 
and to assess the degree of cytotoxicity of tine various 
viruses. Thus cell cultures were infected with a number 
of viruses carrying the lacZ gene: a nondisabled virus 
(BE8), n viruses disabled by the removal of ICP34.5 6 or 
ICP34.5 together with the inactivation of VMW65 7 
(\716/lacZ or 1764/facZ), or a virus with the essential IE 
gene encoding ICP27 inactivated (27-lacZ)* Cells were 
then either stained with X-gal at 1 or 3 days and blue 
cells counted as a means of assessing the efficiency of 
gene delivery, or the health of the culture roughly 
assessed by counting the frequency of beating (beats per 
min) in synchronously contracting myocyte cultures, as 
compared with an uninfected control at 1 day, 2 days and 
5 days after infection. Healthy, recently isolated cultures 
of rat newborn cardiomyocytes contract in a regular and 
synchronous fashion for a number of days, although they 
are highly sensitive to physiological or other insult dur- 
ing this time. The degree of virus replication was 
assessed by removal of the supernatant from the cultures 
and titration (followed by plaque counting) on a suscep- 
tible cell line (BHK C-13, or BHK C-13 expressing ICP27). 

X-gal staining 

Bearing in mind the beat frequency data below (see Table 
1), which shows that at multiplicities of infection (MOD 
>1 there is considerable cytotoxicity even for the dis- 
abled viruses, the X-gal staining experiments were all 
performed at MOI = 1, As can be seen from Figure la, 
ail the viruses can deliver lacZ to the cardiomyocytes, 
although in accordance with the beat frequency data 
below, the efficiency of gene transfer varies significantly. 
However as in each case (except for BE8) there was little 
difference between the numbers of blue cells after 1 day 
or 3 days, it appeared likely that all the disabled viruses 
were incapable of replication in the cardiomyocytes. This 
was confirmed by the virus titration experiments which 
showed that while large numbers of plaques were gener- 
ated on BHK cells by the supernatant harvested from 
cardiomyocytes 3 days after inoculation with BE8, no pla- 
ques were generated from the supernatant after inocu- 
lation with 17'16/focZ, 1764/focZ or 27-lacZ (in this last 
case titrated on a BHK cell line expressing ICP27). 

The nondisabled virus (BE8) gave a high proportion of 
stained cells, but with a high degree of accompanying 
cell death, showing not only the ability of HSV to infect 
and replicate in cardiomyocytes, but also the requirement 
for effective disablement of an HSV vector. However, 
while the viruses with either 1CP34.5 or IGP34.5 and 
VMW65 removed gave only a relatively low number of 



blue staining cells, 27-lacZ produced both a very high 
percentage of blue cells and little visible CPE. This sug- 
gests that the absolute block to replication provided by 
this mutant, and the probable lower level of virus gene 
expression is more effective at generating an efficient and 
non-cytopathic vector for cardiac cells than removal of 
ICP34.5 or ICP34.5 and VMW65. This difference may be 
due to the specific function of ICP34.5 in some cell types 
(see Beat frequencies and Discussion) which might pre- 
vent efficient lacZ expression. 

While the primary rat cardiomyocytes were evidently 
highly infectabie by HSV (either wild-type or disabled), 
the primary aortic vascular smooth muscle cells were 
considerably less susceptible, as even the nondisabled 
virus gave only a considerably lower percentage of X-gal 
staining cells even at higher multiplicities of infection 
than used for the cardiocytes above (MOI of 5 instead of 
1; Figure lb). However, of the disabled viruses 27-lacZ 
again gave the best results, with only a few cells staining 
with X-gal when infected with the ICP34.5 or 
ICP34.5/VMW65 deleted virus (again at MOI = 5). While 
these primary cultures of vascular smooth muscle cells 
could be infected by HSV, albeit at lower efficiency than 
the cardiomyocytes, the vascular smooth muscle cell line 
used gave no blue cells even at MOI > 10 with 27-lacZ, 
and only a few blue cells when infected with BE8 at high 
MOI. HSV is therefore inappropriate for gene delivery to 
these cells in culture. 

Beat frequencies 

Table 1 shows the results of the beat frequency exper- 
iments after inoculation of the cardiomyocytes with the 
various viruses at multiplicities of infection (MOI) of 0.5, 
1 and 5. The nondisabled virus (BE8) showed marked 
cytotoxicity after 1 day, with little and irregular beating 
at MOI = 1 and no beating at MOI = 5. By day 2, some 
recovery had occurred at MOI = 1 although beating was 
slightly higher than mock-infected frequencies 
(approximately 200, as against approximately 150) and 
still irregular. All the cells were dead by day 5. 1716/tocZ 
and 1764//acZ showed beat frequencies at near to mock- 
infected levels at MOI 1 after "I day, although at higher 
multiplicities of infection beat frequency was reduced. At 
day 2, the cells infected at lower multiplicity were still 
beating although at below mock levels, while with the 
higher multiplicities beating had essentially stopped. The 
cells were again dead by day 5. The removal of ICP27 
gave a considerable improvement in cell survival and 
beat frequency at MOI ^ 1, with at day 1 near to mock 
levels, day 2 half way between mock and 1716 IhcZ or 
1764//<?cZ levels, and at day 5 the cells were still beating 
slowly. At higher MOI, beat frequencies were more mark- 
edly reduced at all time- points. However, at day 5 even 
mock-infected cultures are no longer beating stably, with 
high speed, unsynchronised contractions (fibrillation). 

These results show that while all the disabled viruses 
are incapable of replication in the cardiomyocytes (see 
above), only the removal of ICP27 generates a vector in 
which the toxic effects of infection have been reduced sig- 
nificantly, as at an MOI *s 1 beat frequencies are similar 
to mock-infected controls. The deletion of ICP34.5 or 
ICP34.5 and VMW65, while preventing replication, does 
not provide a vector in which the cytotoxic effects of 
infection have been very significantly reduced (although 
the effects are considerably lower than with BE8 which 




1716/lacZ 1764/lacZ 

Figure 1 (a) Newborn rat primary cardiac myocyte cultures or (b) primary vascular smooth muscle cultures stained with X-gal 3 days after infection 
with either BE8, 21-lacZ, 1716/lacZ or U64jlacZ. The primary cardiac myocytes were infected at MO/ = 1 ami the vascular smooth muscle cells at 
MOI = 5. 
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Figure 1 (Continued). 
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gives a lytic infection in these cells). This might be for 
two reasons: firstly removal of ICP34.5 (and VMW65 in 
the case of 1764 /lacZ) may still allow the expression of 
many potentially cytotoxic HSV gene products, parti- 
cularly the IE genes, which may account for the effects 
we have observed, or secondly in the absence of ICP34.5 
protein synthesis might be shutdown in the infected cells 
which might also account for the effects on beat fre- 
quency. This type of response has been noted previously 
in a neuronally derived cell line 9 (although it is not seen 
in other nonpermissive cells), 10 ' 11 where it was suggested 
that the natural response to infection by an ICP34.5- 
deleted virus in these cells was a shutdown in protein 
synthesis, possibly leading to apoptosis, which would 
limit the extent of the infection in the host, but which 
was blocked by the expression of ICP34.5. 

In vivo gene delivery to the heart 
To assess whether the apparent utility of HSV vectors for 
the heart in vitro was reflected in efficient delivery to the 
heart in vivo, the most successful mutant in vitro (deleted 
for ICP27) was used in vivo in the rat heart. For these 
experiments intramyocardial injections were made 
directly through the chest wall of anaesthetised adult 
Lewis rats after locating the heart by palpation. The rats 
were allowed to recover and after 2 days were killed, the 
heart removed, fixed and stained with X-gal. As can be 
seen in Figure 2 efficient gene delivery can be achieved 
in the adult rat myocardium as large areas staining with 
X-gal can be seen around the inoculated site. The rats 
remained healthy during the 2-day incubation period and 
the X-gal stained areas remained healthy in appearance 
with no apparent alteration in cell morphology suggest- 
ing any cytopathic effects of the inoculated virus to be 
minimal. However, as would be expected from a nonrep- 
licating viral vector, the area of staining is limited to the 
immediate vicinity of the inoculated site, suggesting that 
multiple injections or other means of delivery may be 
required for significant physiological effects if such a vec- 
tor were to be used for the delivery of, for example, genes 
for the 70 kDa heat shock protein (HSP70) which might 
protect against the effects- of ischaemia. 12 ' 13 

Discussion 

HSV has traditionally been regarded as an ideal candi- 
date vector for the nervous system, as with suitable 
development its neurotrophic life-style and its ability to 




Figure 2 In vivo gene delivery to the rat myocardium. Rat hearts xoere 
inoculatcd as described in the text and fixed ami stained with X-$al 
days after inoculation with 27-lacZ. 
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maintain a lifelong Intent infection might provide a 
means by which neuronal physiology could be altered in 
the long term after a once-only application of such a vec- 
tor system. However HSV can also efficiently infect many 
other cell types and in some circumstances might provide 
specific advantages over other vector systems, parti- 
cularly in the delivery of genes to terminally differen- 
tiated cells such as those of the myocardium, where very 
long-term gene expression from latent virus might be 
envisaged, or where large genetic insertions might be 
required. HSV does not have the packaging constraints of 
other viruses, potentially allowing the use of large control 
DNA regions which might be important for correct cell 
type-specific gene expression. Indeed HSV has recently 
been shown to be efficient at delivering IncZ to skeletal 
muscle cells in vivo? However, to exploit HSV as a vector 
it must be disabled to minimise the effects on the target 
cell, and a number of strategies for this have previously 
been employed. These have included the deletion of 
essential genes, allowing virus growth only in a comp- 
lementing cell line and the deletion of genes which 
specifically prevent growth in target cells but still allow 
growth in culture. For neurons these have included genes 
such as ICP6, M thymidine kinase 15 and ICP34.5, 4 only the 
last of which provides an absolute block to a productive 
infection in these cells. Here we have tested and com- 
pared viruses disabled by both these means and showed 
that while viruses deleted for the essential IE gene ICP27 
(and therefore grown on ICP27 expressing cells) provide 
efficient and relatively noncytopathic vectors for cardio- 
myocytes in vitro and the rat myocardium in vivo, 
deletion of 1CP34.5, while preventing replication in these 
cells, does not allow efficient gene deliver)'. We have also 
shown that in vitro HSV is less efficient for gene transfer 
to VSMCs, although this was not tested in vivo. 

It has been speculated that delivery of a number of 
genes to the myocardium, particularly HSPs, might 
protect against the effects of ischaemia, 12 and indeed 
transgenic mice overexpressing HSP70 are significantly 
protected. 13 It has also been shown that fibroblast growth 
factor (FGF) when delivered to porcine iliofemoral 
arteries can induce angiogenesis. 16 While a number of 
vector systems have been tested for in vitro or in vivo gene 
delivery, including adenoviral vectors, retroviral vectors, 
liposomes or the direct injection of plasmid DNA 
(reviewed by Nabe! 1 ), none provides an optimal gene 
delivery system under all circumstances. HSV has pre- 
viously been shown to allow delivery of IncZ in a nonvas- 
cularised cardiac transplantation model in the mouse 
where neonatal whole hearts were removed, inoculated 
with virus, and placed subcutaneously in the ear pinna 
of recipient mice. 17 Our experiments further show that 
HSV could be developed as a vector system to deliver 
some or all of these genes to the myocardium, and that 
it might provide advantages in some circumstances, for 
example for long-term or tissue-specific expression. For 
these reasons we are currently developing herpes vectors 
to express a number of HSPs and FGF to allow the poten- 
tial of HSV for altering cardiac cell physiology to be 
tested in vivo. 

Materials and methods 

Cardiocyte cell culture 

Ventricular myocytes from the hearts of <2-day-old neo- 
natal Sprague-Dawley rats were isolated and cultured as 



previously described. 18 - 20 Cardiocyte cultures under 
these conditions start to beat in synchrony within 
24-48 h of isolation, the percentage of beating cells 
exceeding 85% for the duration of the experiment. Cells 
grown on laminin-coated coverslips were used for immu- 
nofluorescent staining with an antimyosin antibody 
(Amersham International, Amersham, UK) to confirm the 
proportion of cardiocytes staining for myosin heavy 
chain. 

Vascular smooth muscle cell (VSMC) cultures 
Primary VSMCs were produced by removal of the 
thoracoabdominal aortas of 3-month-old male Wistar rats 
which were then stripped of endothelium and adventitia. 
Medial VSMCs were obtained by the combined 
collagenase/elastase digestion method. 21 Isolated cells 
were maintained in Dulbecco's modified Eagle's medium 
(DMEM), 10% fetal calf serum, 50 mg/ml penicillin, 50 
mg/ml streptomycin (all Gibco, Gaithersburg, MD, USA) 
at 37°C with 5% C0 2 . VSMCs were identified by their 
characteristic morphology and immunostaining for sm- 
myosin (M-7648 from Sigma, Poole, UK). At confluence, 
cells were passaged using 0,25% trypsin, 3 mM EDTA and 
were used at passage 4-6 for these experiments. The 
VSMC cell line used is an SV40-transformed rat abdomi- 
nal aorta smooth muscle culture obtained from the Amer- 
ican Type Culture Collection (ATCC-CKL2018, Rockville, 
MD, USA). 

Virus stocks 

Herpes virus strains used were BE8 (an essentially wild- 
type virus with a CMV IE promoter/kcZ insertion into 
a nonessential gene (US5))- 1 and three disabled viruses 
\7WtacZ, VtfAflacZ and YIAacZ* \7\bllacZ and 
1764/focZ were produced by the insertion of a chimaeric 
herpes latently active transcript (LAT)-Moloney murine 
leukaemia virus long terminal repeat (MoMLVLTR) 
promoter /lacZ cassette into the UL43 gene of HSV1 
strains 1716 and 1764 respectively, by standard methods. 2 
1716 Is deleted for both copies of ICP34.5, 6 and 1764 also 
has an inactivating insertionai mutation in the gene for 
VMW65. 7 UL43 is a nonessential HSV gene, unnecessary 
for growth in culture and which does not affect the kin- 
etics of the establishment or reactivation from latency in 
vivo. 22 27-lacZ has an ICP6 promoter/tocZ insertion into 
the gene encoding the essentail IE protein ICP27. 8 

In vivo inoculation 

Approximately 20 jxl intramyocardial injections of 27 -IncZ 
(5x 10 8 p.f.u./ml) were made directly through the chest 
wall of anaesthetised adult Lewis rats after accurately 
locating the heart by palpation. The rats were allowed to 
recover and after 2 days were killed, the heart removed, 
fixed and stained with X-gal. 

X-gal staining 

Culture medium was removed from the cells which were 
then fixed in 4% paraformaldehyde at room temperature 
for 15 min. After washing twice in phosphate buffered 
saline (PBS), cells were then stained with X-gal for 
approximately 1 h at 37°C in 5 mM potassium ferrocyan- 
ide, 5 mM potassium ferri cyanide, 2 mM magnesium 
chloride, 0.02% NP40, 0.02% sodium deoxycholate, 1 mg/ 
ml X-gal (Sigma, Poole, UK) in PBS. Whole hearts inocu- 
lated in vivo were removed from the animal after death 
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and treated similarly except that the fixing step was 
extended to 1 h and incubation in X-gal to 4 h. 
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Abstract 



Cardiovascular gene therapy is becoming a clinical reality due to improved vectors, delivery systems and careful experimental 
validation studies. Nearly all cardiovascular diseases are amenable to gene therapy, but the optimal combination of vector, delivery 
system and therapeutic gene is likely to be unique to each application. Currently, the most efficient vectors available are replication-defec- 
tive adenoviral vectors, but transgene expression is limited in time due to a strong immune response. Conversely, non-viral vectors or 
plasmid DNA may be used safely but have very limited efficiency. Percutaneous, catheter-based delivery is feasible for most applications. 
The ultimate issues that will decide of the future of gene therapy are safety of the transfer and delivery techniques as well as 
cost/effectiveness comparisons with alternative therapies, including local delivery of drugs, proteins and/or mechanical devices. © 1997 
Elsevier Science B.V. 
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1. Introduction 

Atherosclerosis and its complications represent the first 
cause of mortality and morbidity in the western world [1], 
Major advances have been made in the treatment and 
prevention of symptomatic atherosclerosis. Improved un- 
derstanding of the pathophysiology of atherosclerosis and 
its complications [2], as well as spectacular advances in the 
molecular biology of the vascular wall [3,4] may open new 
perspectives for treatment based upon local delivery of 
genetic material designed to modify the atherosclerotic 
plaque at the molecular level [5]. Transfer of a functional 
gene into arterial wall cells, termed arterial gene therapy, 
may be used to replace or palliate a defective gene, or to 
express a protein with a therapeutic effect [6]. 

Effective arterial gene therapy requires techniques to 
introduce (transfect) a foreign gene (transgene) into the 
cells of the arterial wall. These techniques rely on transfer 
vectors which facilitate cellular penetration and intra-cel hi- 
lar trafficking of the transgene, as well as local delivery 
systems, either catheter-based or surgical, to deliver the 
vector to the vicinity of the target cells. 



2. Vectors 

Under certain conditions, it is feasible to introduce 
foreign DNA into the nucleus of eukaryotic cells. This has 
been used to obtain transient or stable expression of sev- 
eral genes in cell lines. To achieve expression of foreign 
DNA, however, the transferred gene should enter the cell, 
escape degradation by lysosomal enzymes, cross the nu- 
clear membrane, escape degradation by endonucleases and, 
eventually, be expressed. Each of these steps represents a 
potential limitation to the efficacy of gene transfer, which 
make spontaneous transfer and expression of foreign DNA 
into eukaryotic cells a rare phenomenon. Transfer vectors 
are therefore required to increase the efficiency of the 
process. These may be viruses, non-viral vectors or mixed 
systems combining viral and non-viral elements. 

2.1. Viral vectors 

Viral-based vectors are viral particles which retain their 
ability to enter target cells and transfer in these cells 
foreign genes, but have been engineered to incorporate the 
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transgene in their genome and loose their replicative activ- 
ity. Some of them (retroviruses, lentiviruses and possibly 
adeno-associated viruses) are the only methods ensuring 
stable integration of transferred DNA into the chromoso- 
mal DNA of the target cell. In order to transform viruses 
into safe vectors, genomic sequences which are required 
for viral replication have been deleted. 

2.1.1. Retroviral vectors 

These are single-stranded RNA viruses that bind to a 
specific cell surface receptor to get entry into the cell. 
Their capsid is surrounded by an envelope, the proteins of 
which mediate adhesion to the cell membrane. Following 
penetration into the cell, viral RNA is transformed into 
double-stranded DNA by the reverse transcriptase and the 
DNA integrates randomly into the host cell genome, creat- 
ing a * pro virus*. The viral genome contains 3 structure 
genes, gag, pol and env, encoding the capsid proteins, the 
reverse transcriptase and the envelope proteins respec- 
tively. The genome also contains assembly sequences, 
including the f gene, required for virion encapsidation. 
The retroviral vectors currently used [7] are derived from 
the Moloney murine leukemia virus. Schematically, in 
these vectors, the gag, pol and env genes have been 
deleted and replaced, by homologous recombination, by 
the transgene, while the ^ sequence is retained. Due to 
packaging limitations, the size of the transgene in retrovi- 
ral vectors is limited to 9 kb. In the absence of structure 
genes, these defective recombinant vectors are unable to 
replicate. In order to obtain viral stocks, it is therefore 
required to use 'packaging' cell lines, in which the gag, 
pol and env genes are stably expressed. Transfection of 
these cells by the defective retroviruses genome leads to 
transcomplementation of the retroviral genome and to the 
production of replication-defective retroviral vectors har- 
boring the transgene. 

Since the retroviral genome integrates into cell DNA, 
the transgene is transmitted to daughter cells and its ex- 
pression remains stable. Therefore, retroviral vectors have 
been used extensively for gene transfer in general [8], and 
were the first vectors to be used for arterial gene transfer 
in particular [9-11]. Transfer is restricted to cells possess- 
ing the retroviral specific receptor. The receptors for both 
amphotropic, i.e., with extended tropism including human 
cells, and ecotropic, i.e., specific for murine cells, retro- 
viruses have been cloned and are broadly expressed [12]. 
There are however, several problems associated with the 
use of retroviral vectors for arterial gene transfer: (1) 
retroviral vectors can only infect replicating cells [13], 
which represent only a few percents of vascular cells in 
normal or atherosclerotic arteries, even following balloon 
angioplasty [14,15]; (2) it is difficult to purify and concen- 
trate these vectors in order to achieve the high titer solu- 
tions required for efficient gene transfer; (3) retroviral 
vectors are unstable and, therefore, inappropriate for in 
vivo gene transfer; (4) finally, integration of the retroviral 



genome into the host cell DNA carries potential risks of 
insertional mutagenesis as well as activation of cellular 
oncogenes following integration, which would argue for 
the restriction of retroviral vectors to the treatment of 
life-threatening diseases. 

Retroviral vectors remain largely used in current gene 
therapy protocols, especially when the therapeutic gene is 
delivered ex vivo (indirect gene transfer) in proliferating 
cells which are subsequently transplanted back into the 
body [8], However, they are poorly suited to in vivo gene 
transfer (direct gene transfer). Recent developments in the 
field of retroviral vectors include engineering of lentiviral 
vectors based on HTV, which have been shown to achieve 
stable in vivo gene transfer into non-dividing cells [16], as 
well as high titers pseudo typed vectors [17]. Whether these 
approaches will make retroviral vectors more effective and 
safe for clinical application however remains to be demon- 
strated. 

2.1.2. Adenoviral vectors 

Adenoviruses (for reviews, see Refs. [18-20]) are non- 
enveloped viruses carrying a 36 kb double-stranded DNA. 
There are nearly 50 adenoviral serotypes, but only serotypes 
2 and 5 have been used for gene transfer. Adenoviral 
genome is composed of regions which are expressed 'early* 
(E1-E4) or Mate' (L1-L5) relative to viral DNA replica- 
tion. The expression of adenoviral genes is controlled by 
cellular transcription factors and by the El region which 
encodes a transactivating factor. Adenoviruses enter the 
cell through a receptor-mediated endocytosis pathway. 
Adenoviral particles bind to two receptor-types, including 
a glycoproteic receptor specific for the adenovirus fiber 
protein and surface integrins (<* v j8 3 and <* v /3 5 ) that serve 
as receptors for the adenovirus penton protein, and are then 
internalized by endocytosis. Acidification of the endoso- 
mal content results in conformational changes of the viral 
capsid proteins, which leads to rupture of the endosomal 
vesicle and liberation of the viral DNA in the cytoplasm, 
before DNA degradation by lysosomal enzymes. Viral 
DNA is then transported from the cytoplasm into the 
transduced cell nucleus, where it remains episomal. Endo- 
somolysis is a key feature of adenoviruses which is largely 
responsible for the high transfection efficiencies reported 
with adenoviral vectors in numerous organs [21-26]. 

First generation recombinant adenoviral vectors cur- 
rently used (for a review, see [27]) are obtained through 
homologous recombination between the genome of a 
serotype 5 or 2 adenovirus, which has been deleted of its 
leftward part, and a shuttle plasmid in which the transgene 
has been inserted along with the leftward part of the 
adenoviral genome, in order to facilitate recombination 
(Fig. 1). Expression of the transgene is usually driven by a 
'strong* viral promoter, such as the Rous sarcoma virus 
long terminal repeat (RSV LTR), the cytomegalovirus 
(CMV) immediate-early promoter/enhancer, or the major 
late promoter and tripartite leader of adenovirus 2 or 5. 
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Fig. 1. Construction of recombinant, replication-defective (El -deleted) 
adenoviral vectors. The genome of recombinant adenoviral vectors is 
obtained through homologous recombination between (1) a shuttle plas- 
mid (pAd-RSVj3gal) carrying the left end (map units 0 to 17) of the Ad5 
genome, except El which is replaced by a nuclear localization signal 
(SV40), the Rous Sarcoma Virus long terminal repeat (LTR) and the 
/3-galactosidase reporter gene, and (2) the rightward part of the Ad5 
genome (map units 26 to 100), in which the E3 region has been deleted. 



These are constitutive promoters, which therefore lead to 
synthesis of large amounts of recombinant protein, but lack 
tissue specificity and allow no regulation once the gene is 
transferred. The vectors are made replication-defective by 
deletion of the El A and E1B sequences from the viral 
genome. The E3 sequence is also deleted in order to 
accommodate insertion of long transgenes (up to 7.5 kb). 
Homologous recombination as well as propagation of re- 
combinant adenoviral vectors are achieved by co-transfec- 
tion in 293 cells, a complementing cell line which constitu- 
tively expresses the El gene. 

Adenoviral vectors allow to circumvent some of the 
problems encountered with retroviruses: (1) they can infect 
quiescent as well as replicating cells; (2) high titer stocks 
can be produced easily, generally ranging from 10 n to 
10 12 plaque forming units (pfu)/ml; (3) transfection effi- 
ciencies of 100%, for endothelial cells [28] and ~ 5%, for 
medial smooth muscle cells [29,30], have been recently 
reported in animal models of arterial gene transfer; and (4) 
after infection, the adenovirus genome remains episomal, 
therefore avoiding the risk of insertional mutagenesis. 

Nevertheless, several drawbacks of adenoviral vectors 
have been identified. First, current adenovectors are asso- 
ciated with only transient, 2- to 4-week, transgene expres- 
sion [31]. Second, at a high multiplicity of infection (MOD 

— i.e., the ratio of infectant viral particles to target cells 

— replication may be observed in El-deleted adenoviral 
particles. This may be related to the presence of proteins 
with ElA-like activity in host cells [32]. Alternatively, 
replication competent adenovirus (RCA) may emerge dur- 
ing production of El -deleted viral stocks through homolo- 
gous recombination between the transgene and the El 
region of 293 cells. Third, it has been demonstrated that 
first-generation adenovectors evoke a strong cellular im- 
mune response, targeted at viral proteins as well as certain 



transgene products [33,34], resulting in destruction of these 
cells by cytotoxic T lymphocytes [35]. In addition, infec- 
tion of the target cells by adenoviral vectors leads to an 
acute inflammatory reaction, characterized by a neutrophil- 
[36] and macrophage-rich [37] cellular infiltrate. Finally, it 
has been observed that local delivery of adenoviral vectors 
in normal arteries upregulates the expression of vascular 
cell adhesion molecules and may even trigger mild, al- 
though significant, neointima formation [38]. The respec- 
tive roles of the vector, the transgene, RCAs or impurities 
related to vector processing, in the generation of adverse 
effects associated with first-generation adenoviral vectors 
remain unclear. 

The main consequences of the immune/ inflammatory 
reaction directed against recombinant adenoviral vectors 
are rapid extinction of transgene expression (within a few 
weeks) and the occurrence of inflammatory reactions in 
the recipient. Repeated injections of adenoviral vectors 
might not result in prolonged transgene expression [39] 
due to a humoral immune response targeted at both viral 
proteins and transgene products [40]. Interestingly, the 
duration of transgene expression is substantially prolonged 
when transfer is achieved in newborn animals [41], proba- 
bly because these are not yet immunocompetent and can 
therefore tolerate viral proteins, or in animals in which 
cellular immune response has been pharmacologically de- 
pressed [42]. Immunosuppression, however, cannot be used 
routinely in clinical practice. Thus, new adenoviral vectors, 
termed second and third-generation vectors, are currently 
developed [32,43,44], These vectors are modified to pre- 
vent in a more efficient fashion residual expression of 
adenoviral proteins, thereby mitigating adenoviral protein- 
specific cellular immune response, which in turn leads to 
less inflammatory reaction as well as protracted transgene 
expression. It must be borne in mind, however, that trans- 
gene expression is transient not only because of the cellu- 
lar immune response, but also because of the episomal 
situation of the transgene, 'extinction' of promoter se- 
quences and because of transcriptional and post-transcrip- 
tional mechanisms which remain largely unknown. In cer- 
tain indications, however, such as prevention of restenosis, 
transient gene expression may be sufficient and may even 
confer a relative safety to adenoviral vector-based strate- 
gies for gene therapy, since potential deleterious effects 
related to transgene expression would be limited to a few 
weeks. 

2.7.5. Other viral vectors 

Other viral vectors are being developed for gene trans- 
fer but have not been tested in models of arterial transfec- 
tion. The AAV (adeno-associated viruses) are single- 
stranded DNA parvoviruses. Wild-type AAV have the 
ability to integrate stably their genome into chromosome 
19ql3 of the human cellular genome. Such targeted* 
integration could theoretically limit the risk of insertional 
mutagenesis related to random integration into the host cell 
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genome. However, recombinant AAV [45] do not appear 
to exhibit the same site specific integration as wild-type 
virus. Alternatively, herpes viruses would result in pro- 
tracted transgene expression. They are however, toxic to 
the transfected cell, even in their replication-defective form 
[8]. 

2.2. Non viral vectors 

The limitations and risks associated with viral vectors 
are powerful stimulants for the development of non viral 
vectors. DNA delivered by nonviral methods is maintained 
in an extra-chromosomal state and is not integrated into 
the cellular genome [46]. 

2.2 J. Naked DNA 

It is possible to incubate plasmid DNA with cells and 
obtain non-specific DNA uptake, which generally does not 
result in DNA integration into the host cell genome. When 
integration occurs, a rare phenomenon, it is random and 
carries a risk of insertional mutagenesis. Although this 
technique has a low efficiency of transfer, it is simple and 
safe. It is extremely well suited to ex-vivo transfer when 
transduced cells can be sorted using a selectable marker 
gene, but it has also been used clinically [47,48]. 

2.2.2. Cationic liposomes 

Cationic liposomes are positively charged artificial lipid 
vesicles, which incorporate negatively-charged plasmid 
DNA. In contrast with viral vectors, there is no size 
constraint for the transgene and preparation of the vectors 
is easy (Fig. 2). DNA-liposomes complexes contain an 
excess of liposomes and therefore of positive charges, 
which facilitate fusion between liposomes and the nega- 
tively-charged cell membranes [49]. Once in the cyto- 
plasm, most of the DNA-liposome complexes are degraded 
by lysosomal enzymes, and approximately 1% of the DNA 
which originally penetrated the cell enter the nucleus 
where it remains extra-chromosomal. This explains why 




Fig. 2. Schematic representation of cationic liposomes. Positively charged 
cationic liposomes are complexed with negatively charged DNA, and 
penetrate into the cell via membrane fusion, facilitated by the electrostatic 
interaction between the positive liposome charges and the negative cell 
membrane charges. 



transgene expression is transient when liposomes are used 
as vectors. Various cationic liposome preparations are 
commercially available: DOTMA-DOPE (Lipofectin), 
DOSPA/DOPE (Lipofectamine), DC-cholesterol, DM- 
RIE/DOPE. The efficiency of cationic liposomes for gene 
transfer is superior to that of other non-viral methods and 
varies with the preparation used, the DNA/liposome con- 
centration ratio, the type and the proliferative status of the 
transfected cells (transfer appears increased in proliferating 
cells). While in theory, under optimal conditions, in vitro 
transfection efficiencies can reach up to 90% of target 
cells, experience with in vivo arterial gene transfer sug- 
gests that efficiency remains disturbingly low [50-52]. 
Compared to viral vectors these vectors are at least 3 logs 
less efficient, and require extremely high DNA concentra- 
tions to achieve successful gene transfer. Finally, cationic 
liposomes are potentially toxic due to the cellular accumu- 
lation of lipids. This untoward effect, however, has not 
been observed in several studies in which DNA/liposomes 
complexes were introduced systemically [53]. 

2.2.3. Conjugated vectors 

Conjugated vectors (for a review, see [54]) represent a 
heterogeneous class of vectors in which the transgene is 
conjugated to a polycation (e.g., polylysine) which is 
chemically bound to a proteic ligand. Polylysine forms a 
complex with negatively-charged DNA via electrostatic 
interaction, and condenses the DNA into a 
macromolecule-like structure. Binding of the ligand to its 
specific membrane receptor mediates vector internalization 
into the cell. Several studies have established that selective 
in vitro gene transfer can be achieved using this method. In 
these studies, the ligand was either an asialoglycoprotein, 
which is recognized by hepatocytes, or transferrin, which 
is recognized by many replicating cell lines, or 
polylysine-bound osidic residues. The main limit of this 
method is its poor efficiency, related to transgene degrada- 
tion by lysosomal enzymes. Several methods have been 
used to improve somewhat transfection efficiency, such as 
addition of chloroquine (which prevents acidification of 
the endosomal content, thereby preventing transgene hy- 
drolysis) or fusion peptides (which disrupt the endosome 
membrane and release the transgene into the cytoplasm). 
Such conjugated vectors have been used in vivo to obtain 
transient and partial correction of the hypercholesterolemia 
of Watanabe rabbits via transfer into hepatocytes of the 
gene encoding for the LDL receptor [55]. 

2.3. Mixed vectors (viral/ non viral) 

These vectors are designed to combine the benefits of 
both viral and non viral vectors. 

2.3 J. Conjugated vectors associated with defective aden- 
oviruses 

The combination of replication-defective adenoviruses 
and conjugated vectors is designed to increase gene trans- 
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fer efficiency by using the adenovirus capability for endo- 
somolysis, while retaining the specificity of transfer asso- 
ciated with ligand/membrane receptor interactions. Sev- 
eral methods have been used. The most simple consists in 
incubating the target cells in the presence of a mixture of 
conjugated vectors (e.g., DNA-polylysine-transferrin) and 
defective adenoviruses. This method is 2000-fold more 
efficient than that using conjugated vectors alone [56]. 
Efficiency is even greater when defective adenoviruses are 
coupled to conjugated vectors via a monoclonal antibody 
targeted at the hexon protein of the adenoviral capsid [57]. 
In this case, however, transfer specificity is lost due to the 
interaction between the adenoviral fiber protein and its 
specific receptor. This problem has been solved by mask- 
ing the fiber protein, either by a monoclonal antibody, or 
by oxidation of the fiber protein. These mixed conjugated 
vectors are very efficient in vitro. In contrast with recom- 
binant adenoviral vectors, the size of the transgene is not a 
limiting factor, since it is not incorporated into the viral 
genome. However, in vivo efficiency of these vectors is 
limited by their instability and the requirement to cross the 
endothelial barrier in case of systemic injection. For this 
reason, mixed conjugated vectors are used in models of ex 
vivo (indirect) gene transfer [58]. Even under these 'opti- 
mal' conditions, duration of transgene expression is limited 
to approximately 2 weeks, probably because of non-in- 
tegration of the transgene into the host cell genome and 
viral protein-specific immune response. 

2.3.2. Conjugated vectors associated with the Hemaggluti- 
nating Virus of Japan (HVJ) 

These vectors integrate liposomes, DNA and UV-in- 
activated HVJ particles. This combination has been proved 
effective in models of liver and kidney transfection, proba- 
bly due to the ability of HVJ virus particles to penetrate 
the cell. It is assumed that when one HVJ particle gains 
access to the cell, via a specific receptor-mediated path- 
way, one or several liposome/DNA complexes are inter- 
nalized in the cell and a certain amount of internalized 



DNA reaches the nucleus where it is expressed. The 
absence of toxicity of these vectors and their efficiency 
(~ 10-fold that of cationic liposomes) for vascular smooth 
muscle cell transfection, make them an attractive tool for 
arterial gene transfer [59]. These vectors have been used 
for a host of cardiovascular applications (for a review, see 
[60]), including the study of the effect of autocrine- 
paracrine vasoactive modulators (e.g., the renin-angioten- 
sin system) on vascular smooth muscle cells in vitro [61] 
as well as the inhibition of intimal hyperplasia using nitric 
oxide synthase cDNA [62], antisense oligonucleotides di- 
rected towards cell-cycle positive regulators [63], or tran- 
scription factor * decoys' [64]. 

3. Gene delivery techniques 

5.7. Percutaneous local delivery systems 

Most potential targets of arterial gene therapy would 
require local expression of the transgene at a specific 
arterial site. This can be achieved either by delivering the 
gene vector in the vicinity of the target site, i.e., local 
delivery, or by incorporating in the vector design a ligand 
which will drive transgenic expression at that site, even if 
the vector is injected systemically. Advances in local gene 
delivery to the arterial wall have largely benefited from 
progress made in the technology of angioplasty balloon 
catheters. The simplest method for local arterial gene 
transfer is the 'dwell method', which requires to isolate 
surgically between two temporary ligatures an arterial 
segment, withdraw blood, inject into the isolated segment 
a solution containing the vector, then withdraw this solu- 
tion after a variable incubation time and reestablish blood 
flow [28,65,66]. Dwelling allows to control several of the 
parameters which determine gene transfer efficiency: ab- 
sence of leakage from the transfer compartment, minimiza- 
tion of vector loss in the systemic circulation, shortened 
transfer handling time, . . . , etc. The invasive nature of the 



Table 1 



Currently available local delivery catheters 



Device 


Mechanism 


Target cells 


Released for clinical use 


Double-balloon (USCI) 


Diffusion 


Endothelium 


No 


Dispatch (Scimed) 


Diffusion 


Endothelium 


Yes 


Hydrogel balloon (Boston Sc.) 


Diffusion + pressure 


SMC 


Yes 


Coated stents (Johnson&Johnson) 


Diffusion + apposition 


SMC 


Yes 


Porous balloon (USCI) 


High pressure 


SMC, adventitia 


No 


Microporous balloon (Cordis) 


Low pressure 


SMC? 


No 


Channelled balloon (Boston Sc.) 


Low pressure 


SMC 


Yes 


Transport (Scimed) 


Low pressure 


SMC? 


Yes 


InfusaSleeve (Localmed) 


Low pressure 


SMC? 


Yes 


Iontophoretic balloon (eMed) 


Electric gradient 


SMC?, adventitia? 


No 


Needle balloon 


Puncture 


SMC? adventitia? 


No 


Nipple balloon (interventional ther.) 


Puncture 


SMC? adventitia? 


No 



Putative mechanisms of gene delivery are mentioned as well as main target cell-types, 
smc, smooth muscle cell. 
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method, however, is a major drawback for clinical applica- 
tion. For this reason, various local gene delivery systems 
have been developed (for reviews, see [67,68]). 

3,1.1. Catheters 

An 'ideal' local delivery catheter should incorporate the 
following features to perform optimal arterial gene trans- 
fer. First and foremost it should achieve very efficient gene 
transfer. Second, if it is intended to be used for prevention 
of restenosis, balloon angioplasty and gene transfer should 
be performed simultaneously during a one-step straightfor- 
ward procedure using the same catheter. Third, the local 
delivery device should be safe, and, in particular, should 
not induce excessive injury to the arterial wall, in addition 
to the injury associated with the angioplasty per se. Fourth, 
gene delivery catheters should incorporate a perfusion 
design to limit myocardial ischemia during gene incuba- 
tion. Finally, site-specificity is a key issue for arterial gene 
therapy. Local delivery catheters should be designed in 
order to minimize gene leakage in the bloodstream, which 
may limit local efficacy and result in systemic toxicity, 
especially when viral vectors are required. 

Currently available local delivery catheters are listed in 
Table 1. It must be stressed, however, that the vast major- 
ity of them have only been tested for arterial delivery of 
pharmacologic agents to normal arteries. Therefore, data 
obtained from the literature may not be directly applicable 
to gene delivery, in particular in atherosclerotic arteries. 
Schematically, local delivery through catheters involves 3 
basic, device-related mechanisms: passive diffusion, pres- 
sure facilitation, and mechanical facilitation. 

3.1.1.1. Passive diffusion. The double balloon catheter is 
made of two latex balloons which, when inflated into the 
target arterial segment, delineate a 'transfection chamber' 
of varying length (usually 15 to 20 mm), into which the 
transfer vector can be instilled via an infusion port, gener- 
ally using pressure. A retrieval port is usually available to 
withdraw the solution at the end of the incubation period. 
This catheter was the first to be used for catheter-based 
arterial gene transfer [10]. It has, however, several short- 
comings. Passive diffusion of the gene vector requires long 
incubation times, which may generate tissue ischemia. 
There is a risk of vector diffusion into the systemic 
circulation via side branches (such side branches emerge 
every 2-4 mm in the epicardial coronary arteries), which 
may result in both decreased transfer efficiency and viral 
dissemination. Finally, inflation of the two latex balloons 
is a source of additional arterial trauma both upstream and 
downstream of the transfected segment. 

New catheters represent 'improved' designs of the dou- 
ble-balloon catheter. The Dispatch™ catheter is a sophisti- 
cated catheter allowing simultaneous distal perfusion and 
isolation of multiple infusion chambers between the 
catheter and the vessel wall [69]. The main advantage of 
this device is that even protracted incubations do not 



induce significant tissue ischemia [70], This system has 
been successfully used to achieve substantial gene delivery 
into the endothelium and superficial medial layers of both 
normal and atherosclerotic rabbit arteries [71]. However, 
the infusion chambers do not ensure total isolation from 
the systemic circulation; therefore the Dispatch™ catheter, 
like most other local delivery catheters, is associated with 
a substantial risk of vector dissemination, in particular in 
the liver. 

The hydrogel-coated balloon catheter is a conventional 
angioplasty balloon which is coated with a hydrophilic 
polymer which swells like a sponge in presence of a 
solution containing a drug or a gene vector. Upon inflation 
of the angioplasty balloon in the target vessel, the polymer 
express the adsorbed materials toward the arterial wall 
[72]. This balloon was initially designed to cross high-grade 
complex lesions. It turned out to be a very efficient local 
delivery system which has been released for clinical use in 
Europe and United States. This catheter is currently used 
for intracoronary delivery of urokinase during primary 
angioplasty for acute myocardial infarction [73], and for 
local delivery of the VEGF cDNA in the peripheral arter- 
ies of patients suffering end-stage arteriopathy [48]. Its 
main shortcoming is that during exposure of the catheter in 
the bloodstream, most of the hydrogel content is 'washed' 
off the balloon [69]. However, retention into the polymer 
may be enhanced by using a protective sheath. 

3.7.7.2. Pressure facilitation. The Wolinsky catheter incor- 
porates an angioplasty balloon with 25 /xm diameter pores. 
During balloon angioplasty, inflation pressure drives the 
solution filling the balloon into the arterial wall [74]. 
However, at high inflation pressures typically required for 
optimal angioplasty (5 to 10 atm), porous balloons gener- 
ate high velocity jets, which result in arterial perforation as 
well as reactive intimal hyperplasia, and carries a risk of 
gene dissemination. Therefore, improved porous balloon 
catheters have been designed to overcome these limita- 
tions, principally to dissociate balloon inflation pressure 
from vector instillation pressure. 

The microporous balloon catheter [75] incorporates an 
internal porous balloon, with 25 /xm diameter pores, and a 
second external membrane with thousands of micropores 
of less than 1 /xm diameter. These micropores tend to limit 
jetting and wall trauma. 

The channeled balloon catheter (Fig. 3) is a conven- 
tional angioplasty balloon covered with 24 longitudinal 
channels, each having a 100 /xm diameter pore perfused 
via a separated lumen, allowing local low pressure instilla- 
tion during high pressure balloon inflation [76]. 

5.7.7.5. Mechanical facilitation. The mechanism used to 
facilitate local delivery may be either an electrical field, in 
he case of the iontophoretic catheter, or a physical injury 
to the vessel wall in the case of the needle catheter or the 
nipple balloon. The iontophoretic balloon is a porous 
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Fig. 3. The channel led-bal loon catheter. (A) Longitudinal (1) and cross-sectional (2) views of the channelled-balloon. Gene vector solutions are infused 
through small perforated channels which are located on the surface of the angioplasty balloon. Pressures for balloon inflation and vector infusion can thus 
be separated. (B) Radiograph showing the channelled-balloon inflated in a rabbit external iliac artery. Balloon -angioplasty and transfection are performed 
simultaneously. Infusion of contrast medium into the balloon inflation lumen delineates balloon contour. 



balloon with an inner electrode which serves as a cathode. 
An anode is applied on the skin. Electric current drives 
negatively-charged molecules outside of the balloon into 
the arterial wall [77]. This system appears particularly well 
suited to deliver negatively-charged plasmid DNA in the 
arterial wall. 

3.1.2. Intracoronary stents 

Clinical use of metallic intracoronary stents has become 
standard practice during routine PTCA to treat established 
coronary dissection. Intracoronary stents such as the Pal- 
maz-Schatz stent have led to a reduction in the incidence 
of restenosis compared to conventional balloon angio- 
plasty, most likely due to a reduction of acute and chronic 
constrictive remodeling of the vessel wall as well as an 
optimization of the initial geometric result of PTCA [78,79]. 

In addition, intracoronary stents may be used as vehi- 
cles for local delivery of drugs or gene vectors into the 
arterial wall (for reviews see [68,80]). One of the ap- 
proaches would be to coat the stent struts with endothelial 
cells, previously transfected with a therapeutic gene, the 
product of which may be released locally to exert thera- 
peutic effects. In vitro experiments with metallic stents 
seeded with normal [81], immortalized [82], or tP A- trans- 
fected [83,84] endothelial cells have established the feasi- 
bility of this technique. However, clinical applicability of 
this technique remains limited due to the requirement of 
previous isolation and in vitro transfection of endothelial 
cells — a long and costly procedure — as well as the poor 
adhesion of these cells to the stent struts following expan- 
sion under flow condition. Another strategy is to use 
polymer-coated stents, which may act as a reservoir for a 
gene vector [85], or even biodegradable polymeric stents 
[86]. 



3.1.3. Polymers 

The 'ideal* polymer for arterial gene transfer should 
contain large concentrations of genetic materials to ensure 
local delivery and protracted residence of the latter into the 
arterial wall. It should also be biocompatible for the 
blood/wall interface, and, if possible, biodegradable. 
Biodegradable polymers could be used for arterial gene 
transfer in the form of intracoronary stents, micro- or 
nano-particles injected locally via a catheter [87], gels 
('pavement') coating the endoluminal aspect of the artery 
[88], or periadventitial wrapping [89]. The latter method 
has been used to transfer plasmidic DNA [90] as well as 
antisense oligonucleotides [91] into the rat carotid artery, 
in order to prevent intimal thickening following arterial 
injury. In addition, we recently demonstrated that co-de- 
livery of adenoviral vectors together with the block co- 
polymer poloxamer 407 facilitates arterial transfection and 
allows for shorter incubation times [37]. 



3.2. Myocardial delivery 

Pioneered by Wolff et al. [92], intramuscular gene 
transfer represents an alternative method to target the 
myocardium. Direct injection of plasmid DNA into the 
myocardium, although feasible [93-95], has been associ- 
ated with short-lived (2 to 4 weeks) expression of the 
transgene in only a small number of cells, as well as with 
potentially deleterious myocardial fibrosis and inflamma- 
tion. When intravenous injection of recombinant replica- 
tion defective adenoviral vectors is used, only minor my- 
ocardial uptake is observed [41]. In contrast, direct injec- 
tion of such vectors in the heart resulted in efficient 
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transfection [26,96], albeit limited by the previously de- 
scribed shortcomings associated with adenoviral vectors 
(transient expression of the transgene, immune and inflam- 
matory responses) and by the need for direct access to the 
myocardium which requires intraoperative, pericardial or 
perimyocardial injections. Alternatively, at least three stud- 
ies have reported efficient transfection of the myocardium 
after intracoronary catheter delivery of adenoviral vectors 
[97-99]. Pressure conditions during delivery as well as 
pretreatment of the vessel with various vasoactive agents 
may impact heavily on the feasibility of myocardial gene 
transfer via the intracoronary route [99]. 



4. Arterial gene transfer: Feasibility and problems 

Two strategies can be used for gene transfer: indirect 
gene transfer involves in vitro transfection of vascular cells 
which are then implanted back into the vasculature; con- 
versely, direct gene transfer is the direct introduction of a 
foreign gene into the arterial wall in vivo (Fig. 4). 

4.L Indirect gene transfer 

In their seminal experiments, Nabel et al. used recombi- 
nant retroviral vectors to transfer the j3-galactosidase re- 
porter gene into porcine endothelial cells in vitro [9]. After 
staining with the specific chromagen X-gal, transfected 
endothelial cells could be easily recognized and selected 
for subsequent introduction into the iliac artery in vivo 
using a double-balloon catheter. Expression of the trans- 
gene was found in these arteries several weeks after trans- 
fer. A similar strategy was successfully applied to in vitro 
transfected smooth muscle cells [11]. Other techniques for 
indirect gene transfer were later suggested such as seeding 
of genetically modified endothelial cells on the surface of 
endovascular metallic stents [83,84], of Dacron arterial 
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Fig. 4. Direct vs. indirect gene transfer. (A) Indirect gene transfer: gene 
transfer is performed in vitro, and the transfected cells are subsequently 
reimplanted in the target organ. (B) Direct gene transfer: the transgene is 
directly introduced into the target organ in vivo via systemic or local 
(surgical or catheter-based) delivery. 



prosthetic grafts [100], or of venous grafts [101]. Indirect 
gene transfer allows for in vitro selection of successfully 
transduced cells prior to arterial delivery. However, it is 
only suitable for autologous transfection, i.e., transfected 
cells can be transplanted only in the same patient from 
who these cells have been harvested. Moreover, it requires 
cell isolation and culture prior to transfer, which makes it a 
cumbersome and costly technique for routine clinical ap- 
plication [5,8], with the exception of ex vivo transfer into 
saphenous vein grafts during coronary artery bypass 
surgery, for which the tissue to be transfected is readily 
available for ex vivo transfer. 

4,2. Direct gene transfer 

Direct gene transfer is a one-step method in which the 
transgene incorporated in a vector is directly delivered into 
the target arterial site. Again, Nabel et al. were the first to 
achieve direct arterial gene transfer using replication-de- 
fective retroviral vectors and cationic liposomes expressing 
the LacZ reporter gene, introduced via a double balloon 
catheter into porcine iliac arteries [10]. /3-galactosidase 
activity was observed in all the transfected animals, up to 
21 weeks in those animals transfected using retroviral 
vectors and 6 weeks when liposomes were used. Other 
studies using retroviral vectors [102], cationic liposomes 
[50-52] or plasmid DNA [103,104], have confirmed these 
results. However, in all theses studies transfection effi- 
ciency was far below 0.1% when nuclear-specific f3- 
galactosidase was used as reporter gene (allowing discrimi- 
nation from endogenous cytoplasmic /3-galactosidase ac- 
tivity). 

Low transfection efficiency is a major limitation of 
these methods, in particular when the transgene encodes a 
protein which remains intracellular, a frequent feature for 
many of the candidate genes used in attempts to prevent 
restenosis [6]. Conversely, when the transgene encodes a 
secreted protein, such as the growth hormone [105] or a 
secreted growth factor [106,107], a substantial biological 
effect may be observed even when a small number of 
target cells express the transgene. 

Replication-defective adenoviral vectors have been used 
for gene transfer into the arterial wall, using surgical 
[28,36,37,65,66,108-1 1 1] or percutaneous [29,30,1 12-1 16] 
transfer techniques. The first generation vectors used in 
these experiments were replication defective due to dele- 
tion of the El sequence. When such a vector expressing 
nuclear-targeted /3-galactosidase is delivered in contact 
with the endothelial layer without previous injury, for 
example using a surgical * dwell' method or a double 
balloon catheter, transfer is strictly localized to the en- 
dothelium (Fig. 5) [29,111,115]. In addition, as previously 
mentioned, expression of the transgene is confined to the 
first days or weeks following delivery. Transfection effi- 
ciency is related to the concentration of the adenovirus 
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stocks used [111]: efficiency increases with viral concen- 
tration when the latter remains <, 5 • 10 10 pfu/ml; it then 
reaches a plateau, related to direct cytotoxicity of the 
vector. The magnitude and mechanism of this cytotoxic 
effect appear to vary with vector design and preparation. 
When concentration is further increased beyond 10 u 
pfu/ml, efficiency decreases. Under certain conditions, 
however, transfection efficiency approximates 100% 
[28,29]. In intact vessels, the endothelium is therefore the 
elective target of replication-defective adenoviral vectors. 

When adenovirus-mediated gene transfer is attempted 
following abrasion of the endothelial layer, transgene ex- 
pression is found mostly in smooth muscle cells located in 
the superficial layers of the media (Fig. 6) 
[29,30,36,37,66,110,112]. Reported transfection efficien- 
cies, expressed as the percentage of transfected medial 
cells, range from 2 to 70%. Adenoviral vectors are thus, by 
far, the most effective vectors for medial transfection. 
Transfection efficiency in the media depends upon various 
factors, including virus preparation (concentration of viral 
stocks, promoter sequences), delivery technique (dwell > 
catheter-based), catheter-type (hydrogel balloon > double 
balloon), duration of incubation (long > short), ligation of 
side-branches, as well as co- or pre-treatment with adjunc- 
tive agents. The endothelium and internal elastic lamina 
are the main barriers to penetration of the adenoviral 
vectors in the media of non atherosclerotic vessels 
[29,1 15,1 17], whereas the neointima is a relatively resistant 
layer to adenovirus penetration in severely atherosclerotic 
arteries [30,118]. Recently, Perlman et al. demonstrated 
that balloon angioplasty rapidly induces massive apoptosis 
in the arterial wall, mostly in the superficial layers of the 
media [119], an anatomic feature which may influence 
transfection efficiency as well. Low transfection efficiency 
in atherosclerotic vessels must be considered when poten- 
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Fig. 5. Endothelium-specific arterial gene transfer. An adenoviral vector 
expressing a nuclear-specific 0-galactosidase reporter gene was locally 
delivered in rat carotid arteries using the dwell technique. Three days 
following gene transfer, j3-galactosidase activity is found exclusively in 
the endothelial layer (dark nuclei). L, lumen; M, media; A, adventitia. 
(Feldman et al., unpublished data.) 
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Fig. 6. Smooth-muscle cell-specific arterial gene transfer. Percutaneous 
gene transfer was performed in rabbit iliac arteries. An adenoviral vector 
expressing the nuclear-specific /3-galactosidase reporter gene was locally 
delivered using a channelled-balloon catheter. In this case, balloon angio- 
plasty and gene transfer are performed simultaneously. Three days fol- 
lowing gene transfer, transduced cells (dark nuclei) are located in the 
superficial as well as deep layers of the media. These cells are easily 
identified as vascular smooth muscle cells. Note that the endothelial layer 
has been totally abraded, whereas the internal elastic lamina appears well 
preserved. L, lumen; M, media; A, adventitia. (Feldman et al., unpub- 
lished data.) 



tial clinical applications relate to atheromatous arteries. 
Methods to circumvent low transfer efficiency include the 
use of therapeutic genes encoding for secreted proteins, 
which may therefore affect not only transduced but also 
neighboring untransduced cells [6]. Alternatively, transfec- 
tion efficiency can be enhanced by using adjunctive agents 
such as elastase, to permeate the internal elastic lamina 
[117], or polymers such as poloxamer 407 [37,120]. 

The delivery device used has also a major impact on the 
risk of systemic dissemination of viral particles, which is 
high in the case of amphotropic adenoviral vectors. This 
may be explored by studying expression of the transgene, 
or rather its presence (by PCR) in organs remote from the 
transfer site. Pervious studies have shown that the risk is 
low when adenoviral vectors are introduced into a surgi- 
cally isolated arterial segment [28,37]. When percutaneous 
delivery is attempted, however, the risk of viral dissemina- 
tion becomes substantial, most of extra-arterial transfection 
being located in the liver [29,37]. The risk is high with the 
double balloon catheter [29], the porous balloon catheter 
[121], or the dispatch catheter [71]. It is reduced with the 
channeled balloon catheter [30], and appears low with 
hydrogel balloon catheters, at least when a protective 
sheath is used [29]. The risk is also correlated to the degree 
of arterial trauma induced by the gene delivery device 
[114], Other factors may promote viral spreading such as 
the use of non-specific viral promoters, high viral titers, as 
well as the presence of developed vasa vasora in the 
arterial wall, a typical feature of the atherosclerotic plaque. 

Another issue is that in most of currently available 
transfection systems transgene expression cannot be regu- 
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lated by physiological or exogeneous signals, which may 
represent an important limitation for clinical application of 
gene therapy to some diseases in which precise control 
over the level of protein production is required to achieve 
a therapeutic effect and/or prevent toxicity. Several ap- 
proaches have been tested in transgenic animals and in 
models of somatic gene transfer to regulate transgene 
expression [122-124]. The basic element of any system is 
a pharmacologic agent that modifies the activity of a 
transcription factor, which is capable of regulating a het- 
erologous promoter that drives transgene expression. For 
exemple, Bohl et al. have recently designed a system in 
which two genes packaged into distinct retroviral vectors 
are transferred in primary myoblasts in vitro: an erythro- 
poietin cDNA driven by a tetO-CMV promoter and a 
reverse transactivator (rtTA). When doxycycline is added, 
rtTA binds the tetO-CMV promoter and activates tran- 
scription of the erythropoietin cDNA [124]. To date, none 
of these systems have been tested in models of cardio- 
vascular gene transfer. However, tight regulation of trans- 
gene expression may not be as crucial in cardiology as in 
inheritable metabolic diseases (see below). 



5. Conclusions and perspectives of clinical application 

In vivo transfection of foreign genes in the cardio- 
vascular system has broad applications. Retroviral vectors 
have been used to study cardivoascular development [125] 
and to learn more on the role of growth factors in the 
pathophysiology of intimal hyperplasia [106]. Clinical use 
of transfection techniques to treat cardiovascular disease 
represents a more challenging issue [5].In vivo application 
of gene therapy requires a unique combination of appropri- 
ate vector, delivery system, target cell and therapeutic gene 
which is likely to be specifically tailored to each applica- 
tion. Therefore, there is no 'best' vector or delivery sys- 
tem. In fact, efforts should be focused on designing the 
appropriate combination required to approach each clinical 
situation, which should be tested in the appropriate experi- 
mental models [126,127]. Current indications for arterial 
gene therapy should fulfill the following requirements: (1) 
it should be a disease without proven efficient conven- 
tional therapy (due to either ineffectiveness or major ad- 
verse effects); (2) the arterial lesions to be treated should 
be amenable to local delivery techniques; (3) pathophysiol- 
ogy should be clear enough for identification of candidate 
therapeutic genes. 

There are currently two major potential indications for 
arterial gene therapy: prevention of restenosis after angio- 
plasty and therapeutic angiogenesis to treat chronic is- 
chemia, either in the myocardium or in the limbs (for 
reviews, see [5,6,47,128]). Other potential indications are 
prevention of degeneration of aortocoronary saphenous 
vein bypass grafts [101] and atheromatous plaque stabiliza- 
tion [129], but nearly all vascular diseases are theoretically 



amenable to gene therapy [4,130], as well as a host of non 
vascular diseases in which arterial access to the diseased 
organs is available for local genetic treatment. 

Genetic prevention of restenosis best exemplifies the 
importance of gene delivery techniques in achieving thera- 
peutic success. Indeed, it has long been considered that 
restenosis — i.e., the recurrence of luminal narrowing in 
the months following angioplasty — results almost exclu- 
sively from intimal hyperplasia, a proliferating process 
involving medial and intimal layers of vascular smooth 
muscle cells [131]. Therefore, most of current strategies 
aimed at preventing restenosis by gene therapy consist in 
local transluminal delivery of antiproliferative genes in the 
abluminal arterial smooth muscle cells in order to inhibit 
intimal hyperplasia [5,128]. However, recent advances in 
the understanding of the pathophysiology of restenosis 
[132] indicate that, both in experimental models [133] and 
in humans [134], chronic constrictive remodeling (or the 
absence of compensatory vessel enlargement) plays a ma- 
jor role in late luminal loss and that lumen diameter is 
strongly correlated to the magnitude of constriction but not 
to intimal thickness. The mechanism of constrictive re- 
modeling, although still unclear [135], may involve biolog- 
ical changes in the adventitia including inflammation, my- 
ocellular proliferation and migration, and fibrosis [136- 
138]. Should constrictive remodeling become a target for 
antiproliferative gene therapy, maybe periadventitial gene 
delivery will be more appropriate than current intraluminal 
delivery techniques. Adventitial transfection, however, is 
likely to induce unacceptable arterial trauma which may 
outweigh the potential benefit of the therapy. Alterna- 
tively, endovascular stents are both efficient and safe to 
prevent arterial constriction. It has been convincingly 
demonstrated that in-stent restenosis, which occurs in 
roughly 25% of the patients [78,79], is almost exclusively 
composed of intimal hyperplasia [139]. Based on these 
recent data, the concept of integrated strategies to prevent 
restenosis arose, in which anti-remodeling stents are com- 
bined with antiproliferative genes to achieve optimal pre- 
vention of restenosis [140]. If integrated strategies are to be 
applied to the prevention of restenosis, we should consider 
developing in-stent gene delivery techniques as a priority. 
In this regard, preliminary results from a study by Van 
Belle et al. suggesting that efficient in-stent transfection 
can be performed percutaneously are encouraging [141], 
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BACKGROUND: Gene therapy represents a novel approach to the treatment of a variety of disease 
states. Direct injection of pure untreated DNA into skeletal and cardiac muscle is sufficient to 
perform gene transfer in vivo. Little information is available, however, regarding the extent to 
which individual parameters of direct gene delivery affect the efficiency of myocardial transfec- 
tion. Moreover, the fact that all previously reported studies of successful myocardial transfection 
were performed using open chest surgery to visualize the heart for direct injection of DNA 
constitutes a potential limitation to clinical applications of myocardial gene transfer. The objectives 
of the present study were: (a) to determine the extent to which gene expression is altered by 
varying the amount of DNA and the volume of the delivery vehicle; (b) to study whether protracted 
expression of DNA persists after direct myocardial transfection; and (c) to test the feasibility of 
percutaneous, transthoracic myocardial injection of DNA. 

EXPERIMENTAL DESIGN: New Zealand white rabbits (AT=s 30) were transfected with the firefly 
(Photinus pyralis) luciferase reporter gene. Twenty-three rabbits were segregated into 5 groups 
according to the amount of DNA and volume of delivery vehicle injected. These rabbits were 
sacrificed at 5 days posttransfection to measure the level of luciferase gene expression. Three more 
rabbits were designated exclusively for in situ hybridization. Two rabbits were sacrificed at 5 and 
6 months, respectively to evaluate long-term expression. Two additional rabbits were used as 
controls. Yucatan microswine (N = 4) were used to evaluate the feasibility of percutaneous, 
transthoracic myocardial transfection with /?-galactosidase or luciferase reporter genes. Micros- 
wine were sacrificed immediately post-sham transfection (N = 2), or 5 days postmyocardial 
transfection (iV= 2). 

RESULTS: Among 1 1 rabbits, transfection with 10 jig of DNA (N = 4), 25 ng of DNA {N = 3), and 
50 fig of DNA (N = 4) in 100 fiL of injectate yielded a step- wise but statistically insignificant 
increase in luciferase activity. Among 16 rabbits, transfection with 50 jug of DNA in injectate 
volumes of 50 m1 {N = 4), 100 jd (N = 4), 150 $i\ {N = 4), and 300 n\ (N = 4) yielded a statistically 
significant (p < 0.05) increase in luciferase activity in those hearts transfected with 300 /il 
compared with those hearts transfected with either 50 or 100 til. Luciferase activity at 5 and 6 
months postmyocardial transfection was 7.14 and 68.8 Turner light units, respectively. In situ 
hybridization confirmed that myocytes represented the site of luciferase expression. Percutaneous 
myocardial transfection was successfully accomplished with both reporter genes. 
CONCLUSIONS: The results of the present study demonstrate that increasing the amount of DNA 
employed for direct myocardial transfection fails to produce a statistically significant increase in 
the level of gene expression. In contrast, increasing the volume of injectate used to directly transfect 
a constant amount of DNA (50 /ig) produced significantly augmented expression of the reporter 
luciferase gene. Luciferase expression was detected 6 months posttransfection. Successful trans- 
fection after fluoroscopic-guided direct percutaneous delivery suggests that it may be feasible to 
deliver genetic material into the myocardium of patients in a similar fashion. 

Additional key words: Gene transfer, Myocardium, In situ hybridization, Luciferase. 

Gene therapy represents a novel approach to the treat- niques may be used to insert genes into somatic cells, to 
ment of a variety of disease states. Gene transfer tech- replace mutated or deleted genes, or to add new genes 
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with therapeutic potential. Incorporation of genetic ma- 
terial into somatic cells in vivo may be achieved directly 
or indirectly. Indirect gene transfer to cardiovascular 
tissues has been accomplished by in vitro transfection of 
recombinant DNA to cells growing in tissue culture, 
followed by introduction of these cells into specific tissue 
sites of the recipient host in vivo (1, 2). Direct gene 
transfer has been achieved in vascular tissues using DNA 
combined with a carrier such as cationic liposomes (3), 
or retroviral vectors (4). 

In the case of skeletal muscle, Wolff et aL (5) demon- 
strated that direct injection of pure untreated DNA was 
sufficient to perform gene transfer in vivo. Subsequently, 
several groups demonstrated that successful in vivo gene 
transfer could also be achieved by direct injection of 
unescorted DNA into cardiac muscle (6-10). These initial 
studies involving myocardial transfection were designed 
to demonstrate the feasibility of the technique (6-10), 
and to take advantage of this technique to study the 
expression of DNA constructs under various conditions 
in vivo (7). Surprisingly, two of these seminal reports 
indicated that the magnitude of expression observed after 
myocardial transfection exceeded that observed when the 
same genes were similarly injected into skeletal muscle 
(?)• 

The therapeutic potential of this technique was sug- 
gested by Acsadi et aL (1 1) who demonstrated expression 
of human dystrophin in mdx mice (a strain of mice with 
muscular dystrophy) after intramuscular injection of 
DNA constructs encoding dystrophin. 

Previously reported studies of myocardial transfection, 
however, have involved limited alternatives of either 
DNA concentration (1 (6), 2 fig/^l (7, 10) or 4 /xg/ 
ti\ (8)) or injection volume (50 fi\ or 100 /d). Little 
information is therefore available regarding the extent 
to which individual parameters of direct gene delivery 
affect the efficiency of myocardial transfection. More- 
over, the fact that all previously reported studies of 
successful myocardial transfection were performed using 
open chest surgery to visualize the heart for direct injec- 
tion of DNA constitutes a potential limitation to clinical 
applications of myocardial gene transfer. 

Accordingly, the purpose of this study was: (a) to 
determine the extent to which gene expression is altered 
by varying the amount of DNA and the volume of the 
delivery vehicle on gene expression; (b) to study whether 
protracted expression of DNA persists after direct myo- 
cardial transfection; and (c) to test the feasibility of 
percutaneous, minimally invasive myocardial injection 
of DNA. 

EXPERIMENTAL DESIGN 

Plasmids 

Five different plasmids were employed in the present 
study. The first involved the E. coli #-galactosidase (0- 
gal) gene (BAG plasmid) under the control of Moloney 
murine leukemija virus long terminal repeat promoter 
(12). Two plasmids containing the firefly (Photinus pyr- 
G &) luciferase gene were used as well. The pRSVLuc 
plasmid consisted of a full length luciferase cDNA under 
the control of the Rous sarcoma virus long terminal 



repeat promoter, subcloned into a vector derived from 
pBR322 (13). The pRSVLucGEM plasmid consisted of 
a full length luciferase cDNA under the control of the 
Rous sarcoma virus long terminal repeat promoter, sub- 
cloned into a mammalian expression vector derived from 
pGEM3 (Promega, Madison, Wisconsin). Two different 
non-reporter-gene-containing plasmids were used as con- 
trols: human acidic fibroblast growth factor subcloned 
into a pGEM vector (pFGFSN); and rat insulin-like 
growth factor I receptor subcloned into a pGEM vector 
(pIGF-ISN). 

Myocardial Transfection in Rabbits 

Rabbits (N = 31) were placed in lateral recumbency, 
and the heart exposed through a lateral thoracotomy and 
incision of the pericardium. DNA was injected into the 
apex of the left ventricle using an insulin syringe with a 
28.5-gauge needle (Becton Dickinson, Rutherford, New 
Jersey). After the apex of the left ventricle was accessed, 
the needle was advanced along the left ventricular free 
wall and luciferase plasmid was injected over a period of 
5 to 10 seconds. Twenty-three rabbits were divided into 
5 groups according to the amount of DNA and volume 
of delivery vehicle injected. Either pRSVLuc or 
pRS VLucGEM was arbitrarily assigned for transfection. 
The amounts of DNA and volume of phosphate-buffered 
saline (PBS) with 5% sucrose were varied among these 
23 rabbits as follows: 10 jig of luciferase plasmid in 100 
Ml (10 Mg/100 /d); 25 Mg/100 M l; 50 Mg/50 fil; 50 ^g/100 ft 
50 Mg/150 and 50 ^g/300 jd, and two more rabbits, 
intended to evaluate the feasibility of protracted gene 
expression, were injected with 100 fig luciferase plasmid 
in 100 /d PBS/5% sucrose. In addition, 2 rabbits were 
used as controls. After myocardial injection, the pericar- 
dial sac was sutured, a chest tube was placed to drain air 
and fluids, and the wound was closed. All rabbits were 
treated with a mixture of 0.1 ml/kg trimethoprim/sulfa- 
diazine (Di-trim 24%, Syntex, West Des Moines, Iowa). 

Myocardial Transfection in Microswine 

A percutaneous, transthoracic technique was used to 
inject the hearts of 4 microswine. The first 2 microswine 
were used to evaluate the feasibility of accurately deliv- 
ering solution within the ventricular wall by a transtho- 
racic injection. In these 2 microswine, left ventriculog- 
raphy was performed via a catheter that was advanced 
retrogradely from the femoral artery. A 6-inch long, 18- 
gauge needle was advanced under fluoroscopic guidance 
through the skin into the ventricular wall, while the 
endocardial interface was outlined by the ventriculo- 
gram. Correct positioning of the needle within the myo- 
cardium of the first microswine was confirmed by inject- 
ing a few milliliters of contrast solution and demonstrat- 
ing fluoroscopically that the dye was retained within the 
ventricular wall. The same technique was used to inject 
the myocardium of the second microswine; in this case, 
however, methylene blue was used instead of contrast 
solution to mark the site of injection. In two microswine, 
transfected with the BAG plasmid (one microswine) and 
with pRSVLuc (one microswine), the left ventricle was 
not catheterized, and pressure changes recorded from the 
tip of the needle were used to position the needle within 
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the ventricular wall. The needle was first advanced into 
the ventricular cavity, then slowly pulled back until no 
blood pressure could be recorded through the needle, and 
no blood could be aspirated; only then was DNA injected 
through the needle. All microswine were treated with 25 
mg/kg of cefazolin (Kefzoi, Eli Lilly Indianapolis, Indi- 
ana) perioperatively and for 5 days postoperatively. 

Retrieval of Tissues 

All animals were anesthetized, the hearts were exposed 
as described above, and the animals were killed with 
intravenous injection of 1 ml/4.5 kg euthanasia solution 
(Euthanasia-5, Veterinary Laboratories, Lenexa, Kan- 
sas). Twenty-five rabbits were sacrificed 5 days after 
DNA injection. Two other rabbits, used to study long- 
term expression of transfected DNA, were sacrificed 5 
months (one rabbit) and 6 months (one rabbit) after 
myocardial transfection. Two microswine were sacrificed 
immediately after sham transfection of the myocardium, 
the hearts were exteriorized, the site of injection identi- 
fied, and the tissue containing the injection sites imme- 
diately retrieved and fixed in formalin in preparation for 
histologic examination. The remaining 2 microswine 
were sacrificed 5 days after DNA injection. All of the 
hearts were harvested, examined for gross pathologic 
changes, and rinsed in cold PBS. The rabbit hearts were 
sectioned as follows (Fig. 3): both atria were trimmed 
and the free wall of the right ventricle was separated 
from the left ventricle. The left ventricle (including the 
interventricular septum) was sectioned along its major 
axis yielding an apical portion (the site of DNA injection) 
a mid portion, and a basal portion (farthest from the 
injection site). The hearts of the last 2 microswine were 
sliced transversally, perpendicular to the long axis of the 
heart into slices 1 cm in thickness; each slice was cut 
open and the resulting strip of myocardium sectioned 
into 1-cm blocks. Each tissue sample was immediately 
frozen and stored in liquid nitrogen for further analysis. 

In situ Hybridization 

Samples of myocardium were obtained from the apical 
portion of 6 rabbits transfected with 25 fig fid (N = 1), 
50 Mg/100 id {N = 1), 50 Atg/300 ill (N = 4), and 100 iig/ 
100 fd (N — 1) luciferase DNA, as well as from the mid, 
and basal portions of the left ventricle and from the right 
ventricle of 3 hearts in which the left ventricle had been 
transfected with 25 ixg/id, 50 ng/100 ii\, and 50 ng/300 id 
luciferase DNA. Myocardial samples were also obtained 
from the apical portion of one rabbit 5 days post-sham 
transfection (delivery vehicle only (300 id) without luci- 
ferase DNA). The samples were fixed in 4% paraform- 
aldehyde/PBS at 4° C for 2 hours, followed by immersion 
in 30% sucrose/PBS at 4° C (14). Up to 15 of each 7-jim 
thick sections from each sample (total 124 tissue sec- 
tions) were cut onto gelatin coated glass slides and proc- 
essed for in situ hybridization. Radiolabeled sense and 
anti-sense probes to luciferase DNA were generated from 
the plasmid pOLuc that contains 1811 luciferase DNA 
base pairs subcloned into pGEM3 (Promega, Madison, 
Wisconsin) using SP6 and T7 ENA polimerases, respec- 
tively (15). These transcripts were hybridized with 114 
of the tissue sections. Sense transcripts were hybridized 
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with 4 tissue sections and used as controls. Autoradiog- 
raphy of the slides was performed by immersing them in 
Kodak NTB-2 emulsion (Eastman Kodak, Rochester, 
New York) and exposing them in the dark at 4° C for 1 
week. After incubation, the slides were stained with 
hematoxylin and eosin following which they were ex- 
amined by light microscopy to identify the presence of 
silver grains resulting from exposure of the photographic 
emulsion to the radiolabeled probes. 

Statistical Analysis 

Results are expressed as mean ± SEM. Statistical 
differences among the levels of luciferase expression 
achieved by altering parameters employed for myocardial 
transfection were compared by analysis of variance. The 
relationship between luciferase expression and parame- 
ters selected for myocardial transfection was also as- 
sessed by linear regression analysis. Values of p < 0.05 
were considered significant. 

RESULTS AND DISCUSSION 

Direct Myocardial Transfection 

Luciferase activity was detected in all hearts trans- 
fected with luciferase plasmids. The levels of luciferase 
activity recorded from the apical portion of the 23 rabbit 
hearts 5 days post-transfection are summarized in Table 
1. These apical sections weighed 1.29 ± 0.06 gm. Fig. 1 
illustrates the mean values of luciferase activity among 
those hearts injected with 10 ixg, 25 ng t and 50 ixg of 
luciferase plasmid in a constant volume (100 id) of fluid 
carrier. Among 11 rabbits, transfection with 10 fig DNA 



Table 1. Luciferase Activity Five Days Postmyocardial 
Transfection of Luciferase DNA in 23 New Zealand White 
Rabbits 



Rabbit 


Amount of 
DNA 


Volume of 
injectate 


Expression 






id 


TLU 


1 


10 


100 


23,451 


2 


10 


100 


8,355 


3 


10 


100 


25,925 


4 


10 


100 


16,482 


5 


25 


100 


10,255 


6 


25 


100 


42,339 


7 


25 


100 


11,088 


8 


60 


50 


21,319 


9 


50 


50 


35,218 


10 


50 


50 


22,942 


11 


50 


50 


7,554 


12 


50 


100 


28,885 


13 


50 


100 


11,676 


14 


50 


100 


40,883 


15 


50 


100 


40,120 


16 


50 


150 


36,767 


17 


50 


150 


67,643 


18 


50 


150 


41,397 


19 


50 


150 


41,643 


20 


50 


300 


170,937 


21 


50 


300 


40,367 


22 


50 


300 


63,325 


23 


50 


300 


77,007 



TLU, Turner light units. 
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FIG. 1. Luciferase activity expressed in Turner light units (TLU), 
versus the amount of DNA injected in a constant volume of injectate 
(100 jil). Luciferase activity recorded from the apical portion (site of 
DNA injection) of the left ventricle of rabbit hearts 5 days postmy- 
ocardial transfection. Five percent of tissue extracts were assayed, 
averaged, and multiplied by 20 to calculate the total value of luciferase 
activity. Differences among the three groups are not statistically sig- 
nificant 



{N - 4), 25 »g DNA (N=S), and 50 tig DNA (N = 4) in 
100 til of injectate yielded 18,553 ± 3,944, 21,227 ± 
10,559, and 30,039 ± 6,814 Turner light units (TLU), 
respectively. While there was a step -wise increase in 
luciferase activity, the differences observed among these 
3 groups were not statistically significant. 

Figure 2 shows the mean values of luciferase activity 
from hearts injected with a constant amount of DNA (50 
tig) in increasing volumes of injectate. Among 16 rabbits, 
transfection with 50 /xg DNA in an injectate volume of 
50 M l (N = 4), 100 til (N = 4), 150 fil (N - 4), and 300 fil 
(N- 4) yielded 21,758 ± 5,667, 30,039 ± 6,814, 46,862 ± 
7,017, and 87,909 ± 28,960 TLU, respectively. The level 
of luciferase activity measured among rabbits injected 
with 300 fi\ significantly (analysis of variance, p < 0.05) 
exceeded that observed at each 50 and 100 /d injectate. 
Regression analysis disclosed a linear correlation be- 
tween the level of luciferase activity and volume of 
injectate employed (r = 0.64, p < 0.05). Thus, intramy- 
ocardial injection of larger volumes of solution yielded 
proportionally higher levels of luciferase expression. The 
coefficient of variation (standard deviation/mean X 100) 
of luciferase expression for the 23 rabbits ranged between 
29.9% and 65.3%. 

Myocardial specimens were also retrieved at arbitrary 
distances from the site of myocardial transfection for the 
purpose of analyzing luciferase activity as a function of 
the distance from the site of intramyocardial injection. 
The highest levels of expression, ranging from 7,554 to 
77,007 TLU (mean ± SEM = 38,529 ± 7,198), were 
detected within the apical portion of the left ventricle, 
near the site of injection (Fig. 3). The picogram equiva- 
lent of light units recorded from the apical segment of 
the left ventricle ranged between 9.3 X 10 2 and 4.5 X 10 3 
Pg of luciferase. Expression of luciferase activity de- 
creased precipitously beyond the site of injection. Luci- 
ferase activity in the mid and basal portions of the left 
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Fig. 2. Luciferase activity, expressed in Turner light units (TLU), 
versus the volume of injectate used to deliver a constant amount of 
DNA (50 tig). Luciferase activity recorded from the apical portion (site 
of DNA injection) of the left ventricle of rabbit hearts 5 days postmy- 
ocardial transfection. A step-wise increase in luciferase activity is 
observed, with the level of luciferase activity measured among rabbits 
injected with 300 pi significantly (analysis of variance, p < 0.05) 
exceeding that observed at 50 jd and 100 n\ injectate. 



.012-8.69 TLU RV □ 
ra±SE=2.38±.48 




|LVb ,029-505 TLU 

45.2*41.9 



LVm .51-2055 TLU 
m±SE= 192±169 



LVa 7,554-170,937 TLU 
miSE=38 ( 529±7,198 



FlG. 3. Distribution of luciferase activity at the apical (LVa), mid 
{LVm), and basal (LVb) portions of the left ventricle, and within the 
right ventricle (RV) of rabbits, 5 days postmyocardial transfection. 
The highest levels of luciferase activity, expressed in Turner light units 
(TLU), were detected within the apical portion of the left ventricle, 
near the site of injection. Expression of luciferase activity decreased 
precipitously beyond the site of injection. 



ventricle and right ventricle was 0,5, 0.11, and 0.02% of 
values measured in the apical portions of the left ventri- 
cle. 

Control transfections performed with two unrelated 
plasmids (pFGFSN and pIGF-ISN) did not express lu- 
ciferase. 

Long-Term Expression of DNA 

To evaluate whether protracted expression of lucifer- 
ase could be detected, two rabbits injected with 100 tig/ 
100 /d pRSVLuc were sacrificed at 5-month (one rabbit) 
and 6-month (one rabbit) intervals after myocardial 
transfection. Retrieval of the heart at necropsy disclosed 
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Fig. 4. The results of in situ hybridization following transfection 
of rabbit myocardium, a, and 6, Photomicrographs of frozen sections 
from rabbit myocardium 5 days postmyocardial transfection with luci- 
ferase DNA, incubated with a radiolabeled anti-sense probe generated 
from pOLuc. Clustering of silver grains (black dots) t resulting from 
exposure of the photographic emulsion to the radiolabeled probes, is 
seen over several myocytes. The clustered silver grains represent posi- 
tive hybridization of a radiolabeled anti-sense probe with luciferase 
mRNA. c, Photomicrograph of frozen section of the myocardium 5 days 



postmyocardial transfection with luciferase DNA, incubated with ra- 
diolabeled sense probe generated from pOLuc. No hybridization signal 
similar to that seen in a or b was detected in myocardial samples 
incubated with the sense probe, d, Likewise no hybridization signal 
was observed in myocardial sample 5 days post-sham-myocardial trans- 
fection (carrier fluid only without luciferase DNA) incubated with the 
radiolabeled anti-sense probe generated from pOLuc (original magni- 
fication X100). This segment represents a negative control for in situ 
hybridization. Figure 4a, X100; 6, X250; c, X100, <f, xlO. 



luciferase activity of 7.14 TLU and 68.8 TLU in these 
two hearts, respectively. 

In situ Hybridization 

In situ hybridization was performed on a total of 124 
representative tissue sections from the hearts of 9 rab- 
bits. Fig. 4a and b illustrate an example of positive 
hybridization of an anti-sense probe with luciferase 
mRNA: in this case clustering of silver grains is observed 
over several myocytes. Incubation of control sections 
obtained 5 days posttransfection with luciferase DNA, 
or 5 days post-sham transfection (delivery vehicle only 
without luciferase DNA) with sense probe (Fig. 4c) and 
with anti-sense probe (Fig. 4d), respectively, resulted in 
a background low uniform hybridization signal. 

Gross Pathologic Examination 

Gross pathologic examination of 28/31 transfected 
rabbit hearts was performed 5 days after myocardial 



injection. Seventeen hearts were normal. In one heart, a 
focus of myocardial discoloration was observed at the 
lower third of the left ventricular free wall corresponding 
to the site of myocardial injection. In 10 hearts, a small 
(<7 mm 2 ) focus of myocardial fibrosis was observed at 
the same site. Retrospective analysis of our data sug- 
gested that all but two hearts that had been injected with 
the CsCl-purified pRSVLucGEM plasmid disclosed no 
pathologic changes; in contrast, all but one heart in which 
pathologic changes were observed had been transfected 
with PEG-purified pRSVLuc. 

Percutaneous Myocardial Injection 

Percutaneous injection of the myocardium was suc- 
cessful in 2/2 microswine. Histologic examination of 
tissue samples obtained from one microswine that was 
sacrificed immediately after injection of contrast solution 
showed a relatively large focus of shredded myocytes 
interdigitating with hemorrhage located immediately be- 
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Fig. 5. Expression of recombinant 0-galactosidase gene in cardiac 
myocytes 5 days postmyocardial transfection of a Yucatan mycroswine. 
0-galactosidase activity, represented by dark -blue stain, is seen in tissue 
section stained with X-gal and with hematoxylin and eosin to demon- 
strate that £-gal was expressed within the cardiac myocyte, b-fim 
section, X200. 

low the epicardial surface. In the second heart injected 
with methylene blue, pathologic findings were limited to 
a small focus of subepicardial shredded myocytes. 

Percutaneous Myocardial Transfection 

One heart injected with the BAG plasmid expressed /?- 
galactosidase (Fig. 5). Gross examination of this heart 
showed a 1-mm focus of white myocardium correspond- 
ing to the site of injection. The other heart in which 
myocardial transfection was accomplished percuta- 
neously (using the luciferase plasmid) yielded 1,549 TLU. 
In this latter heart, a 10 x 11 x 18 mm well circumscribed 
focus of myocardial fibrosis was observed in the left 
ventricular free wall. Satellite tissue samples were nega- 
tive for luciferase activity. 

Direct injection of naked DNA has been used to trans- 
feet the cardiac muscle of rats (6-8), and the skeletal 
muscle of rats and mice (5, 9, 11). It has been suggested 
however, that long-term expression may vary among 
different strains of rats (10), raising the question of 
whether different species may possess inherently differ- 
ent capacities to express foreign genes after direct injec- 
tion. The results of the current study supplement data 
from previous reports by documenting that hearts of not 
only rabbits, but also swine share the ability to take up 
and express foreign DNA after direct myocardial trans- 
fection. 

The results of the present study demonstrated expres- 
sion of the encoded protein in the hearts of all animals 
which were transfected, 5 days or more after direct 
myocardial injection. Increasing amounts of DNA in- 
jected in a constant volume of injectate resulted in only 
a marginal, statistically insignificant increase in lucifer- 
ase expression. In contrast, levels of luciferase expression 
consistently increased when increasing volumes of injec- 
tate were used to deliver a constant amount of DNA (50 
Mg). It is likely that increasing volumes of injectate 
facilitated the spread of DNA within larger areas of the 
myocardium. Consequently, increasing levels of DNA 



expression following myocardial transfection with higher 
volumes of injectate were possibly the outcome of DNA 
interaction with, and expression of luciferase by, more 
myocytes. The levels of luciferase expression illustrated 
in Figure 2 can also be interpreted as a function of DNA 
concentration. High levels of luciferase expression were 
obtained at DNA concentrations that were remarkably 
lower than those reported previously (1 fig/pl (6) or 2 
fig/pi (7, 10)). It may therefore be possible to augment 
DNA expression after direct myocardial transfection by 
varying the volume of relatively inexpensive, readily 
available fluid carriers rather than by increasing the 
amount of DNA. 

The variable range of luciferase expression observed 
among the 23 rabbits sacrificed at 5 days (coefficient of 
variation = 29.9 to 65.3%) is consistent with results 
which have been reported after direct gene injection of 
skeletal muscle (9) and the cardiac muscle (10) of ro- 
dents. Wolff et al (9) showed that injection techniques 
were not responsible for this variability and suggested 
that variable degradation of the injected DNA might 
have contributed to variations observed in the expression 
of DNA. 

Luciferase DNA was chosen as the reporter system for 
most of the present series of experiments for several 
reasons. The luciferase assay is expeditious, highly spe- 
cific, extremely sensitive and quantifiable (13). The ma- 
jor disadvantage of this reporter system is that expres- 
sion of luciferase is not easily localized histochemically, 
since the tissue sample must be homogenized in order to 
perform the quantitative assay. Commercially available 
immunohistochemical assay kits for the detection of 
luciferase contain fluorescein -conjugated goat anti-rab- 
bit immunoglobulin G antibody. Therefore, the use of 
this antibody in rabbits is not recommended because of 
potential nonselective binding of the fluorescein-conju- . 
gated antibody. Previous studies have relied .upon histo- 
chemical localization of 0-gal (6, 8) or the rinding that 
genes driven by a myocyte-specific cellular promoter 
induced gene expression restricted to cardiac myocytes 
(7). In the present study, we used the #-gal reporter gene 
and in situ hybridization with radiolabeled anti-sense 
cRNA luciferase transcripts to confirm that myocytes 
represented the site of luciferase expression. 

Detectable levels of expression in the hearts of the two 
rabbits that were sacrificed at 5- and 6-month intervals 
after myocardial transfection indicates the feasibility of 
protracted expression of proteins after myocardial trans- 
fection. These findings are in accordance with reports by 
Leinwand et al (16) who documented the expression of 
the luciferase reporter gene in rats five to six months 
after myocardial transfection. Acsadi et al (8) observed 
that the expression of luciferase plasmid in the cardiac 
muscle of normal rats was minimally above background 
25 days posttransfection, but could be prolonged to 60 
days in the cardiac muscle of immunosupressed rats (8). 
Buttrick et al (11) showed that after cotransfection, 
chloramphenicol acetyltransferase (CAT) and luciferase 
reporter genes were both expressed 1 day after direct 
myocardial injection and the levels of expression peaked 
between 7 and 10 days. At 17-23 days post-injection, 4/ 
10 hearts expressed the encoded proteins, while 7/10 
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heart expressed the encoded protein 38 to 60 days after 
transfection. 

Work by Kitsis et cU. (7) showed that the expression 
of reporter genes injected into cardiac muscle was 10- to 
100-fold higher than the expression of the identical genes 
after direct injection into skeletal muscles. In the present 
study the picogram equivalent of light units recorded 
from the apical segment of the left ventricle (determined 
by plotting light unit values on a standard curve con- 
structed with a known amount of luciferase) was <4.5 X 
10 3 pg. This finding differs by less than one order of 
magnitude from levels (<330 pg) that were reported by 
Wolff et al (5) after injection of 100 fig of luciferase 
plasmid into the skeletal muscles of rats. Comparison of 
our findings to those of Wolff et al. (5) indicate only 
modest superiority for myocardial versus skeletal muscle 
transfection efficiency; such comparisons must be, of 
course, interpreted with caution in view of the fact that 
the luciferase standard of two laboratories may vary by 
as much as 100-fold. Nevertheless, the transfection effi- 
ciencies that may be achieved in either myocardium or 
skeletal muscle appear to greatly exceed that may be 
achieved in vascular smooth muscle (4, 17). The mecha- 
nism responsible for such apparently superior results 
remains enigmatic. It has been suggested that structural 
factors such as bi- or multinucleated cells, the sarcoplas- 
matic reticulum, or the rich transverse tubular system of 
skeletal and cardiac myocytes may facilitate the access 
of DNA into these cells (5-7). Definitive work regarding 
this issue, however, remains outstanding. 

The histologic findings of damaged myocytes imme- 
diately after injection of contrast solution in one micros- 
wine may be the result of mechanical disruption caused 
by a relatively large volume of a highly viscous fluid into 
the ventricular wall. Injection of PEG-purified DNA was 
related to a higher incidence of myocyte damage. Al- 
though the mechanism responsible for such myocardial 
alterations is not clear, it is possible that such damage 
was related to a combination of the mechanical disrup- 
tion of myocardial tissue caused by the jet of, as well as 
by the impurities of the injected DNA, It is noteworthy 
that luciferase activity did not decrease in myocardium 
characterized by foci of fibrosis near the site of myocar- 
dial transfection. Our findings corroborate previous re- 
ports suggesting that a relatively small number of myo- 
cytes were involved in expression of transfected genes 
(6, 11) and lead us to speculate that luciferase expression 
occurs in islands of intact myocytes distributed among 
foci of myocardial fibrosis. 

Successful injection and/or transfection of all hearts 
following fluoroscopic-guided percutaneous injection 
suggests that it may be feasible to deliver genetic material 
into the myocardium of patients in a similar fashion. 
The accuracy of percutaneous positioning of the needle 
within the myocardium might ultimately be improved by 
use of transesophageal echocardiography; alternatively, 
use of thoracic endoscopy may facilitate accurate and 
safe delivery of foreign genetic material under direct 
visual control into epicardial sites. Although not tested 
in the present investigation, it is possible that adminis- 
tration of genetic material to multiple epicardial sites 



may increase the yield and/or expression of genetic ma- 
terial. 

In conclusion, successful transfection of all hearts after 
fluoroscopic-guided percutaneous injection suggests that 
it may be feasible to deliver genetic material into the 
myocardium of patients in a similar fashion. Expression 
of injected DNA may be increased by increasing the 
volume of vehicle in which DNA is delivered rather than 
saturating the myocardium with high amounts of DNA. 
Detection of luciferase expression 6 months after trans- 
fection suggest that myocardial gene transfer may pro- 
vide opportunities for protracted gene therapy. 

METHODS 

Plasmids 

All plasmids except for pRSVLucGEM were purified in our 
laboratory by polyethylene glycol (PEG) precipitation (18); 
pRS VLucGEM was purified twice by CsCl gradient (Lofstrand 
Laboratories Ltd., Gaithersburg, Maryland). Ethanol precipi- 
tation was used to sterilize all plasmids in preparation for 
myocardial injection, after which, the DNA pellets were recon- 
stituted with sterile phosphate-buffered saline containing 5% 
sucrose, and stored at 20" C, Before injection, DNA concentra- 
tion was determined by spectrophotometry. 

Animals 

Healthy animals from selected and controlled breeding 
stocks were housed and handled according to protocols ap- 
proved by St. Elizabeth's Hospital Animal Care and Use Com- 
mittee, in accordance with the Position of the American Heart 
Association on Research Animal Use. New Zealand White 
rabbits (N- 31) (Pine Acre Rabbitry Farm, Norwood, Massa- 
chusetts) were anesthetized with a mixture of ketamine (10 
mg/kg), acepromazine (1.4 mg/kg), and atropine (0.1 mg/kg). 
The animals were intubated and aseptically prepared for sur- 
gery. Anesthesia was maintained with 2% isoflurane (Aerane, 
Anaquest, Madison, Wisconsin) in oxygen. Heart rate and 
blood levels of oxygen saturation were continuously monitored 
transdermally using a Biox pulse oximeter (Model 3740, 
Ohmeda, Louisville, Colorado). Yucatan microswine (N = 4) 
(Charles River Laboratories, Wilmington, Massachusetts) were 
anesthetized with a mixture of 20 mg/kg ketamine (Park Davis, 
Morris Plains, New Jersey), 1.1 mg/kg acepromazine (Avco, 
Fort Dodge, Iowa) and 0.05 mg/kg atropine (Dexter, Chagrin 
Falls, Ohio). Anesthesia was maintained with 2% isofurane 
(Aerane, Anaquest, Madison, Wisconsin) in oxygen. 

0-Galactosidase Assay 

The area of myocardium which was transfected with 0-gal 
was trimmed and immediately fixed in 1.25% glutaraldehyde 
and 0.15 M sodium phosphate buffer for 15 minutes and then 
stained with X-gal (5-bromo-4-chloro-3-indolyl-b-galactopyr- 
anoside (Sigma)) for a period of 18 hours as described by others 
(19). Duplicate sets of 5-Mm-thick sections were cut at 12 
different levels of the myocardial specimen and processed for 
light microscopic examination; one set of slide was stained with 
hematoxylin and eosin. 

Luciferase Assay 

Each tissue sample was weighed, immersed in lysis buffer 
containing Triton X-100 and dithiothreitol (2:1 volume/weight 
ratio (Luciferase Assay System, Promega, Madison Wiscon- 
sin)), and homogenized (Tissumizer, Tekmar, Cincinnati, 
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Ohio). The homogenate was spun at 15,000 rpm for 5 minutes 
in room temperature and tissue extract was removed and its 
volume was measured. A 20-jd sample of tissue extract was 
then mixed with 100 /4 of a reagent solution containing luciferin 
and ATP (Luciferase Assay System, Promega). The interaction 
of luciferase with luciferin in the presence of ATP generates 
light at 562 nanometers (13). The emission of light, which 
peaks within seconds, was recorded with a model 20e (Turner 
Design, Sunnyvale California) luminometer. Five percent of 
the tissue extracts were assayed, averaged, and multiplied by 
20 to calculate the total value of luciferase activity. 

Standardization of Luciferase Activity 

Standard curves of luciferase activity were generated by 
plotting light unit values generated by serial dilution of a known 
amount of luciferase (courtesy of Anna M. Abai, Vical Inc. San 
Diego, California). Three curves, generated at intervals of sev- 
eral months from multiple samples diluted in phosphate -buff- 
ered saline and preserved at -70° C were similar. These dilution 
curves were used to estimate the amount of luciferase produced 
following myocardial transfection. 
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Ischemic/Reperfused Myocardium Can 
Express Recombinant Protein Following 
Direct DNA or Retroviral Injection 
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H Prentice, R. A. Kloner, Y. Li, L Newman and L. Kedes. Ischemic/Reperfused Myocardium Can Express 
Recombinant Protein Following Direct DNA or Retroviral Injection. Journal of Molecular and Cellular Cardiology 
(1996) 28, 133-140. A non-contracting scar following myocardial infarction can adversely affect ventricular 
topography and hemodynamic function. Gene transfer has the potential to prevent or alter such pathophysiological 
processes. Normal myocardium is a proven target for delivery of DNA or viral vectors but the potential for gene 
therapy in ischemic myocardium has not been evaluated. In an initial series of experiments, we determined 
whether the direct injection of reporter genes into hearts subjected to coronary artery occlusion followed by 
reperfusion could result in gene expression comparable to the levels observed in non-occluded normal hearts. 
Anesthetized rats were subjected to 15min or 60min of proximal coronary occlusion or sham operation. 
Luciferase gene under the control of the Rous sarcoma virus promoter was injected directly into the anterior left 
wall. At 1 week, high expression of luciferase was observed in both the ischemic/reperfused and non-ischemic 
tissue. Thus DNA transfer by direct injection is possible after ischemic injury and uptake and expression are not 
impaired. In a second series of experiments, myocardial infarcts in dogs were injected with a /?-galactosidase 
expressing retroviral vector, LNPOZ. Six to 11 days later frozen sections revealed macroscopically visible expression 
of j3-galactosidase activity. Not only can foreign genes be taken up by direct injection of DNA or retroviruses into 
ischemic/reperfused myocardium but they can be transcribed and the protein synthetic machinery of the injured 

cells can produce recombinant polypeptides that retain enzymatic activity, These results open the way for the — 

investigation of gene therapy in models of ischemia. © 1996 Academic Press Limited 

Kby Words: Myocardial infarction; Gene therapy; DNA injection; Retrovirus, 



Introduction 

The potential for exogenously delivered DNA to 
provide local tissue benefit in diseases of the cardio- 
vascular system, and especially the myocardium, 
became obvious following an elegant series of ex- 
periments that defined striated muscle (Wolff et a/., 
1990, 1991, 1992; Jiao et al, 1992)— including 
heart (Lin eta/., 1990; Acsadi eta/., 1991; Buttrick 
et al, 1992) — as a tissue with the unique property 



of being able to take up and express locally injected 
DNA as recombinant proteins. The cellular dis- 
tribution of exogenous gene expression following 
direct myocardial injection is limited to the car- 
diomyocyte (Buttrick et a/., 1992). The direct in- 
jection technology can deliver exogenous genes 
into myocardium that remain under the control of 
tissue-specific, hormone-inducible or strong viral 
promoters (Kitsis eta/., 1991; Prentice eta/., 1994). 
The proteins encoded by the injected DNA have 
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been detected in animal hearts for up to several 
months (Buttrick et al, 1992). 

Direct delivery of genetically engineered DNA to 
tissues has a wide range of potential therapeutic 
applications. Indeed, even in its infancy, gene ther- 
apy has had highly visible and remarkable promise 
for providing novel forms of treatment for both 
hereditary and acquired diseases as pointed out in 
recent reviews of the topic (Anderson, 1992; Miller, 
1992; Mulligan, 1993). Can engineered DNA de- 
livered to a heart that has suffered damage — such 
as ischemic/reperfusion injury — have potential 
therapeutic benefit? To answer this question it is 
first necessary to determine whether such injured 
tissue can take up exogenous DNA and whether 
the encoded information can be expressed. Trans- 
duction with viral vectors is feasible (Nabel et a/., 
1 989, 1 99 1). Retroviral vectors infect dividing cells 
preferentially (Miller et al, 1 990) and for this reason 
are not useful to transduce a terminally dif- 
ferentiated cell type such as cardiomyocytes; they 
would however be expected to transduce pro- 
liferating cardiac fibroblasts in vivo following 
ischemic injury. 

It has been previously demonstrated (Kloner et 
al, 1974) that brief (<15min) coronary occlusion 
leads to hypoxic cellular responses but not to cell 
death. Longer periods of occlusion result in a loss 
of cell viability to varying degrees. Therefore the 
possibility arises that directly injected DNA may be 
taken up by cardiomyocytes in vivo following limited 
periods of occlusion followed by reperfusion. In the 
present experiments, we determined the levels of 
activity in rat myocardium of a functional reporter 
enzyme following DNA delivery into hearts sub- 
jected to 1 5 min or 60 min of occlusion and 7 days 
of reperfusion. We compared randomized ischemic 
and control groups in an attempt to compensate 
for intrinsic variations in DNA uptake and delivery. 
We also performed a feasibility study to establish 
in principal whether injection of a retroviral vector 
into a myocardial scar in vivo could initiate re- 
combinant gene expression. 



Materials and Methods 

Rat model of myocardial ischemia and reperfusion 

Female Sprague-Dawley rats were anesthetized 
with 0.1 ml/ 1 00 g (body weight) of ketamine 
(50 mg/ml) and xylazine (10 ng/ml) injected intra- 
peritoneally and the chests were surgically opened 
to expose the beating heart. The coronary artery 



was occluded as described (Li and Kloner, 1992) 
for 15 (n=12) of 60 min (n=6) followed by re- 
perfusion. DNA injections were performed 1 5 min 
later after which the chest was closed. The total 
amount of DNA delivered to each animal was 
50 fig of pRSVLuc and 1% (vol./vol.) Evans blue 
dye in a volume of 50 jil of normal saline and was 
delivered at a single site through a 27-gauge needle. 
The DNA injections were always performed into 
the anterior free wall of the left ventricle, below the 
site of the coronary occlusion. This is a site that is 
always ischemic in our model, assessed by risk zone 
analysis, histology and electron microscopy (Kloner 
et al, 1979; Hale er a/., 1986; Hale and Kloner, 
1987), The septum always remains non-ischemic 
and it is the free wall that always develops necrosis 
with prolonged coronary occlusion. Eleven rats 
served as sham, non-ischemic controls for the 15- 
min reperfusion group and six rats served as sham, 
non-ischemic controls for the 60-min group. An- 
imals were sacrificed 7 days after surgery and hearts 
were removed for analysis of luciferase activity. 

Production of myocardial infarction in dogs: a pilot study 
to determine the feasibility of retroviral transduction in a 
scar 

Mongrel dogs were anesthetized with sodium pen- 
tobarbital (35mg/kg), intubated, and ventilated. 
Myocardial infarcts were created percutaneously 
by embolizirig alpha helix thrombotic coils (Target 
Therapeutics) into the left anterior descending 
coronary artery, under fluoroscopic guidance. 
Angiography was repeated at approximately 
20-40 min to confirm coronary occlusion. 

Six to 11 days after coronary occlusion the dogs 
were anesthetized, intubated, and ventilated. The 
chest was shaved, prepped with betadine and the 
animal draped. Using sterile procedure, a tho- 
racotomy was performed in the fifth left intercostal 
space. The pericardium was incised, exposing the 
anterior surface of the left ventricle. This allowed 
visualization of the infarct as pale-yellow, non- 
contracting tissue in the antero-apical wall of the 
left ventricle. Retrovirus was injected directly into 
the wall of the heart. Retroviral supernatants of 
LNPOZ (see below) were diluted 1:1 with growth 
medium (DMEM) and injected through a 27-gauge 
needle into the visible infarct within an area of 
1 cm 2 . The location of the injections was marked 
with a suture. Three injections, each of 0.3 ml, 
were made per infarct. After injection the chest was 
closed, air was evacuated from the chest, and the 
dogs allowed to recover for 7-12 days. At 7-12 
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days, the dogs were killed and hearts excised for 
analysis. Frozen sections and sections for histology 
were obtained for immunostaining and histology. 
All procedures for care of all animals used in these 
studies were performed in accordance with in- 
stitutional guidelines. In several animals, the 
LNPOZ vector was admixed with a second retrovirus 
rather than growth media. This second retrovirus 
did not contain a marker gene and is not further 
evaluated. 



Plasmids and choice of DNA injection dose 

The plasmid pRSVLuc contains the luciferase gene 
under the control of the Rous sarcoma virus pro- 
moter (Amacher ef al, 1993). pRSVLuc (Kitsis et 
al, 1991) was a kind gift of R. Kitsis and Leinwand 
(Einstein). In a series of preliminary injections re- 
ported earlier (Prentice et al, 1994) in which we 
compared 10, 25 and 50 fig of pRSVLuc DNA, 
only the 50 fig dose of DNA gave consistent and 
significant levels of luciferase expression that could 
be reproduced. We thus chose to use 50 fig of 
pRSVLuc DNA for these myocardial injection ex- 
periments. Furthermore, 50 fig of pRSVLuc appears 
to be well below saturating levels of expression and 
is a low end dose for myocardial DNA injection 
experiments performed by others. The initial DNA 
injection experiments from the labs of Leiden (Lin et 
al, 1990), Wolff (Acsadi eta/., 1991) and Leinwand 
(Kitsis et al, 1991) used 50 to 200 fig of plasmid 
DNA including the RSV promoter linked to reporter 
genes. More recent studies used similar doses of 
DNA (Buttrick etal, 1992; Parmacek etal, 1992). 

A study in dogs evaluated a dose response curve 
using an MSV reporter (von Harsdorf et al., 1993) 
and found that "there was a linear dose-response 
relation between the level of gene expression and 
the quantity of plasmid DNA injected between 10 
and 200 micrograms per injection site", A more 
recent study comparing the expression engendered 
in porcine myocardium by adenovirus versus 
pRSVLuc, used 200 fig of DNA at each injection 
site (French eta/., 1994). 



Preparation of 0-galactosidase encoding amphitrophic 
retroviruses 

/?-galactosidase-encoding retrovirus was obtained 
from a PA317 clone transduced with LNPOZ (gift 
from A. D. Miller). Amphitrophic retroviruses con- 
taining the /?-galactosidase coding sequence were 
obtained as a supernatant from PA3 1 7 cells. First, 



2 ml of retroviral supernatant derived from infected 
\|/2 cells was used to transduce PA317 cells at a 
density of 5 x 10 5 cells/100-mm dish. Infection was 
conducted for 3 h after which the culture medium 
was changed. Twenty-four hours later, cells were 
split 1:400 for selection in G418 containing 
medium (1.5mg/ml) and cultured until antibiotic 
resistant colonies were visible. One such colony 
was used as a source of amphotrophic retrovirus. 
For preparation of retroviral supernatants trans- 
duced PA317 cells were grown to a density of 
5 x 10 s cells/ 100-mm dish and the cells then cul- 
tured in DMEM in the absence of G418 or growth 
enhancing agents for 24 h after which supernatants 
were removed and stored at — 80°C. The viral titer 
of LNPOZ was 5 x 10 5 colony forming units per ml. 

Tissue homogenization and luciferase assay 

Each heart was excised and the ventricles were 
washed in ice-cold phosphate-buffered saline. Tissue 
was homogenized with a Polytron (Kinematic, Swit- 
zerland) for 45 s in 1 ml of ice-cold homogenization 
buffer (Brasier et al, 1989). After centrifugation at 
1 0 000 x g for 10 min ( supernatants were frozen at 
— 80°C. For measurements of luciferase activity, 
samples were assayed for peak light production at 
10 s with a Monolight model 2001 luminometer 
(Analytical Luminescence Laboratory). One hun- 
dred microliters of each homogenate (10%) was 
combined with 350 ml of Buffer B and 1 00 fi\ of 
buffer containing D-luciferin (Brasier et al., 1989) 
and analysed as described previously (Brasier et al, 
1989; Prentice etal, 1994). 



fl-qalactosidase assay 

Samples were embedded in OCT compound and 10- 
/im frozen sections were cut and counterstained 
with nuclear fast red. Sections of tissue (3 mm) 
were fixed in 4% paraformaldehyde in phosphate- 
buffered saline (PBS) for lOmin at room tem- 
perature and incubated for 2 h at 37°C in 1 mM 5- 
bromo-4-chIoro-3-indolyl-/?-D-galactoside (X-gal) , 
5 mM potassium ferricyanide, 5 mM potassium fer- 
rocyanide, 2 mM MgCl 2 . 

Histology 

For determination of collagen content in infarcted 
areas tissue was fixed in formalin and embedded 
in paraffin. Sections were cut and stained with 
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Table 1 Effects of ischemia/reperfusion on recombinant protein expression 



Non-ischemic Ischemic 





Animal* 


Light units 


Animal* 


Light units 


15 min 


1 


28 522 


12 


3355 




2 


4148 


13 


32 432 




3 


628 


14 


2024 




4 


26 361 


15 


3089 




5 


575 


16 


416 




6 


6926 


17 


3538 




7 


7666 


18 


29690 




8 


936 


19 


813 




9 


154 


20 


535 








21 


236 


60 min 


Animal** 




Animal 






24 


6597 


30 


246 




25 


279 


31 


7183 




26 


7700 


32 


43 229 




27 


4082 


33 


6080 




28 


11 104 


34 


22 287 








35 


524 



* Two additional animals in each group had no detectable luciferase activity. 
** One additional animal in the non-ischemic group had no detectable luciferase 
activity. 

Luciferase activities (Raw Light Units) for randomized groups of non-ischemic and 
ischemic animals following 15 or 60 min of occlusion and reperfusion. 



hematoxylin and eosin or picrosirius red. Photo- 
microscopy was performed using Scotchrome 1 000 
film and a Zeiss microscope. 



Results 

An in vivo rat model of DNA transfer in ischemic/ 
reperfused myocardium 

Whereas genes delivered by direct injection into 
normal hearts enter myocardial cells and are ex- 
pressed, it has not been determined whether is- 
chemic or otherwise injured myocardium would 
also be capable of accepting and expressing exo- 
genously delivered DNA. Accordingly, we used a 
short (15 min) and long (60 min) interval of myo- 
cardial ischemia followed by reperfusion in order 
to engender different degrees of injury to the myo- 
cardium which was then followed by direct injection 
of reporter genes. The short 15 min of occlusion 
typically results in primarily reversible ischemic 
injury with minimal or no myocyte necrosis; 60 min 
of ischemia results in the development of some 
tissue necrosis. Hearts were excised 7 days after 
the injection to determine whether the injected 
gene was expressed. The results are presented in 
Table 1. 



15 min ischemia/reperfusion 

We observed RSV-luciferase reporter gene activity 
after delivery of exogenous DNA to the ischemic 
area of occluded hearts. The peak light production 
from these mildly ischemic heart samples did not 
differ from the levels obtained in non-ischemic con- 
trol animals. Significant levels of luciferase ex- 
pression above 1 00 light units (measured over 10 s) 
were obtained with 10 of 12 rats in the ischemia/ 
reperfusion group and nine of 1 1 rats in the non- 
ischemic control group. Equal amounts of heart 
tissue homogenate from rats injected with control 
plasmid [pCAT-Basic vector (Promega) ] give back- 
ground values of 100 light units or less (Prentice 
et a/., 1994). Rats that failed to express are likely 
to have done so because of faulty injection. Since 
the amount of DNA injected varied from animal to 
animal the absolute values of luciferase activity we 
observed in the injected hearts can be taken only 
as an indication of whether ischemic myocardium 
can process and express exogenous genes. 

60 min ischemia/reperfusion 

One hour occlusion with 7 days of reperfusion also 
resulted in measurable levels of gene expression. 
There was a trend (not statistically valid) toward 
greater expression in this ischemic/reperfusion 
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Dog No. 


LNPOZ 
injection 


Injection Protocol 
(interval in days) 

Occlusion- Injection- 
injection euthanasia 


Gross infarct 
at time of 
injection 


0-gal 


Comment 


2952 


+ 


10 


12 


+ 






2953 


+ 


10 


12 


+ 


+ 




2959 


+ 


6 


7 


+ 


+ 




3038 


+ 


6 


9 






No infarct. 














No DNA uptake. 


3041 


+ 


6 


8 


+ 


+ 


3043 


+ 


11 


7 


+ 







group compared to the non-ischemic group. Five 
of six rats in the non-ischemic control group and all 
six rats in the ischemic group expressed significant 
amounts of luciferase activity. 

Injection of retroviruses into the myocardial wall using a 
dog infarct model 

Based on the ability of ischemic myocardium to 
process injected DNA, we next attempted to deter- 
mine whether the cells present in a scar forming 
in the living animal after a myocardial infarction 
could take up and process a recombinant retrovirus. 
The density of dividing cells in a myocardial scar 
is at its peak 5-14 days after infarction and re- 
troviruses preferentially transduce only pro- 
liferating cells. Accordingly we chose this time 
period to inject j3-galactosidase expressing re- 
troviruses into a grossly infarcted segment of myo- 
cardium. Six dogs entered the study on retroviral 
mediated gene transfer. As presented in Table 2, 
five of six dogs had developed gross myocardial 
infarctions when observed following thuraciumy at 
6-11 days post-coronary artery occlusion. 

Seven to 12 days after injection of retrovirus into 
ischemic dog heart the area of gene transfer was 
examined for Xgal staining. Four out of five dogs 
with myocardial infarctions that were injected with 
LNPOZ stained positively for /?-galactosidase (Table 
2). The dog that was not infarcted was negative 
for /?-galactosidase. This result establishes that re- 
troviral uptake, gene expression and recombinant 
protein expression is possible in the infarcted area 
and localizes precisely the injection site. 

Histology 

Tissue obtained from the infarcted areas of all dog 
hearts revealed loss of myocytes with infiltration of 



fibroblasts and mononuclear cells into the region 
(Fig. la). Picrosirius red staining revealed bright 
red areas of collagen deposition (Fig. lc) which 
were easily distinguished from surrounding viable 
myocytes at the edge of the infarct which stained 
yellow. Tissue sections of the infarcted and injected 
area stained for 0-gaIactosidase activity revealed 
robust expression of the recombinant gene (Fig. lb) 
confined to small regions immediately surrounding 
the injection sites. The cell type expressing the 
/?-galactosidase activity was uncertain. Uninjected 
areas and control infarcts showed no trace of 
/?-galactosidase activity 

Discussion 

The major conclusions of this study are that the 
ischemic or infarcted myocardium is a target for 
gene therapy. Uptake of DNA by rat myocardium 
following occlusion and reperfusion did not differ 
from levels obtained with sham-operated rats. This 
is the first study that we are aware of that shows 
that ischemic/reperfused myocardium is capable of 
taking up and expressing foreign genes. 

These results open the way for the investigation 
of direct DNA transfer and gene therapy in models 
of ischemia. The rat model of left coronary artery 
occlusion consistently results in ischemia in the 
anterior left ventricular free wall (Kloner et ai, 
1979; Hale et al, 1986; Hale and Kloner, 1987). 
Because it is a model of low coronary collateral flow, 
this region invariably develops ischemic myocardial 
necrosis after only 20-30 min of ischemia. It is likely 
that injections at 15 and 60 min after coronary 
occlusion resulted in luciferase expression by viable 
myocytes that were ischemically injured but sur- 
vived the insult. Additionally, we did not measure 
the actual number of myocytes that were re- 
programmed to express luciferase. The luciferase 
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activity which was observed could represent a high 
output of a relatively small number of cells or a 
lower output of a higher number of cells. Although 
the length of time that it takes for cells to take up 
DNA in vivo is likely a matter of several hours, 
during this interval, the myocardial cells that even- 
tually express the gene are injured. That such 
transiently injured cells can take up and express 
exogenous DNA has not been previously reported. 

The scar that is injected is pleomorphic and 
contains fibroblasts, endothelial cells, a few macro- 
phages and polymorphonuclear leukocytes as well 
as a preponderance of mononuclear cells. Some of 
these cells are capable of proliferating and are 
the most likely targets for retroviral transduction. 
Although we have not identified the specific cell 
type(s) converted in the retroviral mediated gene 
therapy experiments in which virus was injected 
into infarct scar 6- 1 1 days after coronary occlusion, 
proliferating fibroblasts represent one likely target 
cell. This assumption is based on (a) the near 
exclusive propensity of retrovial transduction for 
proliferating ceils (Miller ec a/., 1990), (b) the ob- 
servation that following ischemic injury in adult 
myocardium the cardiomyocytes do not proliferate, 
(c) that at 6-11 days after coronary occlusion the 
infarct is primarily composed of proliferating cells 
rather than acellular masses of collagen and (d) 
that retroviral mediated gene expression fails in 
non-infarcted myocardium (this work). However, 
smooth muscle cells, vascular endothelial cell and 
even infiltrating macrophages cannot be excluded 
as candidates at this time. 

Our experiments indicate not only that foreign 
genes can be taken up by direct injection into 
ischemic/reperfused myocardium but, more im- 
portantly, that the cellular machinery can tran- 
scribe them and can produce recombinant 
polypeptides that retain enzymatic activity. It re- 
mains to be determined whether tissue-specific pro- 
moters are also transcribed at high levels and for 
a similar duration following ischemia and re- 
perfusion. What is novel about these results is the 
demonstration that retroviral vectors can transduce 
cells in an organizing scar in vivo even when the 
ground tissue (in this case myocardium) cannot be 



transduced. These results open the way for the 
investigation of gene therapy in models of myo- 
cardial ischemia, including the delivery of agents 
that might effect myocardial viability, rate or 
strength of scar formation or its subsequent vas- 
cularization. 
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ABSTRACT 

Among the potential nonviral vectors for human gene therapy are DNA-liposome complexes. In a recent 
clinical study, this delivery system has been utilized. In this report, a novel cationic lipid, dimyristyloxypropyl- 
3-dimethyl-hydroxyethyl ammonium (DMRIE), has been substituted into the DNA-liposome complex with 
dioleoyl phosphatidylethanolamine (DOPE), which both improves transection efficiencies and allows in- 
creased doses of DNA to be delivered in vivo. The safety and toxicity of this DNA-liposome complex has been 
evaluated in two species, mice and pigs. The efficacy of DMRIE/DOPE in inducing an antitumor response in 
mice after transfer of a foreign MHC has been confirmed. No abnormalities were detected after administration 
of up to 1,000-fold higher concentrations of DNA and lipid than could be tolerated in vivo previously. 
Examination of serum biochemical enzymes, pathologic examination of tissue, and analysis of cardiac function 
in mice and pigs revealed no toxicities related to this treatment. This improved cationic lipid formulation is 
well-tolerated in vivo and could therefore allow higher dose administration and potentially greater efficiency of 
gene transfer for gene therapy. 



OVERVIEW SUMMARY INTRODUCTION 



Although several viral vectors have been widely applied 
to the treatment of human disease, the development of 
nonviral vectors is still in their infancy. In this report, a 
novel cationic lipid, DMRIE/DOPE, has been incorporated 
into the DNA-liposome formulation that improves transfec- 
tion efficiencies and allows up to 1,000-fold higher concen- 
trations of DNA to be administered in vivo. In this paper, 
the safety and toxicity of this formulation is described in two 
species, mice and pigs, suggesting that it may prove useful 
for human gene therapy. 



Although several viral delivery systems are available 
for human gene therapy , nonviral vectors are not as well 
utilized for gene transfer in vivo. We have previously employed 
a nonviral vector in a human gene therapy protocol in an at- 
tempt to stimulate tumor immunity by expression of a foreign 
histocompatibility antigen in patients with melanoma (G.J. 
Nabel etal., 1992a, b, 1993). Although several features of such 
nonviral vectors are attractive for direct gene transfer in vivo, a 
limitation of this system is the relative efficiency of gene trans- 
fer. Although the ability to deliver recombinant genes with 
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DNA-liposome complexes and to modify biologic effects in 
vivo has been established (E.G. Nabel et at., 1992b, 1993a,b; 
Plautz et al., 1993), the ability to transduce larger numbers of 
cells could greatiy expand its utility. 

There are several potential advantages of DNA-liposome 
complexes as a nonviral delivery system. Because the DNA is 
not directly derived from a replication competent virus, its 
expression is limited. It is unlikely to integrate or propagate in 
animal cells, thus minimizing concerns related to public health 
and vector safety. In addition, cationic lipids have been well- 
tolerated in vivo (E.G. Nabel et at., 1992a; Stewart et at., 
1992). Based on a variety of animal models (E.G. Nabel etal., 
1992a,b, I993a,b; Stewart et at., 1992) and clinical studies 
(G.J. Nabel et at., 1992a, 1993) in progress, applications of 
this technology are likely to expand in the future. Finally, the 
ability to deliver recombinant genes using catheter-based deliv- 
ery has further allowed for site-specific gene expression in vivo. 

Despite the advantages of this technique, some limitations of 
the present technology remain. Among them has been the rela- 
tively low concentration of DNA-liposome complexes that are 
employed. In previous studies, higher absolute concentrations 
of DNA-liposome complexes led to aggregation and toxicity 
following intravenous injection in mice in vivo (Stewart et at. , 
1992). A new formulation (Feigner et al., 1993) is character- 
ized in this report. This DNA-liposome formulation displays a 
modestly higher transfection efficiency in vitro. More impor- 
tantly, it does not show toxicity at higher absolute concentra- 
tions of DNA and lipid. In this report, we characterize the in 
vivo toxicities of this formulation in mice and pigs. We find 
minimal toxicity at lipid and DNA concentrations up to 1000- 
fold higher than those used previously. Based on these results, 
this DNA-liposome formulation may be an appropriate deliv- 
ery vehicle for gene transfer in humans. 



MATERIALS AND METHODS 

Plasmids and transfections 

A plasmid containing the HLA-B7 gene (G.J. Nabel et at., 
1992a, 1993) under the control of the Rous sarcoma virus long 
terminal repeat (RS V-LTR) was used for transfection of differ- 
ent primary and transformed cell lines and for in vivo toxicity 
analysis. This plasmid was approved for use in our previous 
human clinical protocol (G.J. Nabel etat,, 1992a, 1993). Cells 
were transfected with dimethylaminoethane-carbamoyl choles- 
terol (DC-ChoI)/dioleoyl phosphatidylethanolamine (DOPE) in 
an optimal concentration (15 nmol DC-Chol/DOPE; 1 jxg DNA 
in 0.7 ml) as previously described (Gao and Huang, 1991; 
Stewart et at., 1992). The newer DNA-liposome formulation 
was prepared by incubation of DNA (5 jxg) and dimyristyloxy- 
propyl-3-dimethyl-hydroxyethyI ammonium (DMRIE)/DOPE 
(15 nmol) in a final volume of 1 ml in lactated Ringer's solution 
for in vitro transfections. 

Animal studies 

Adult female mice (strain BALB/c) and domestic pigs were 
used for all in vivo experiments. Experiments in mice were 
performed to evaluate escalating doses of DNA and liposomes 



injected intravenously. Intravenous injections were carried out 
via the tail vein using a 21 -gauge needle. In mice, for intrave- 
nous injections, DNA (0.5-50 u.g) and DMRIE/DOPE (1.5- 
150 nmol) were mixed in a final volume of 0. 1 ml immediately 
prior to injection. Blood was collected from the tail vein before 
intravenous injection of the DNA-iiposomes and 10 days later. 
At about 2 weeks following injection, liver, kidney, lung, 
heart, and brain were removed for histologic analysis and ex- 
tracted for polymerase chain reaction (PCR) DNA amplification 
using primers and conditions described previously (G.J. Nabel 
et at., 1993) in one group of mice (n = 5). In a second group, 
injections were repeated at 2-week intervals for a total of three 
times. Blood was collected before the first injections and 6 
weeks later, at which time organs were removed and analyzed 
by histology and PCR. 

Additional toxicity studies were performed in 12 pigs to 
evaluate the local and systemic effects of three doses of DNA 
and liposomes when delivered by a catheter to a local peripheral 
artery segment. Intra-arterial gene transfer was performed using 
a double balloon catheter (USCI, Bard, Inc., Billerica, MA) 
with methods previously described (Nabel et at., 1990). In 
these experiments, the plasmid containing the HLA-B7 gene 
was mixed with DMRIE/DOPE in three concentrations: 
HLA-B7 DNA 0.5 u.g and DMRIE/DOPE 1.5 nmol (2 pigs); 
HLA-B7 DNA 5 y-g and DMRIE/DOPE 15 nmol (4 pigs); 
and HLA-B7 DNA 50 ^g and DMRIE/DOPE 150 nmol 
(6 pigs). The animals were sacrificed at 17-21 days. The fol- 
lowing evaluations were performed. Tissue analysis for PCR 
and histology were done 17-21 days following gene transfer to 
determine the effectiveness of gene transfer and the effects of 
gene expression on tissues. Serum chemistries were measured 
before gene transfer and 1 7 days later to examine effects of 
DNA and DMRIE/DOPE liposomes on liver, renal, and cardiac 
function. 

The PCR reactions were performed as previously described 
(G.J. Nabel et at., 1993) with a 2-min annealing and extension 
at 72°C and I min of dissociation of 94°C. Plasmid DNA was 
used as positive control (1 ng). The sensitivity of detection has 
been estimated to be between 1 copy per lOMO 5 genomes 
(Stewart et at., 1929). Serum samples were stored frozen at 
-20°C for measurement of tissue-specific enzymes and routine 
biochemical parameters. 

Studies of cardiac toxicity 

The effects of intravenous DNA-liposome complexes on car- 
diac tissue were assessed by measurement of total creatine 
phosphokinase (CPK), CPK isoenzymes, and electrocardi- 
ography (EKG) on 15 mice prior to and following DNA-lipo- 
some injection. Total CPK values were determined prior to 
injection. Mice received HLA-B7 DNA-liposome conjugates 
prepared as described above (0.1 cc) injected into the tail vein. 
CPK measurements were made on serum samples obtained 16 
hr after injection. Control mice were injected with 0. 1 cc of 
saline, and total CPK was measured at 16 hr. 

As an independent parameter to evaluate cardiac function, 
EKG measurements were performed prior to DNA-liposome 
complex or saline injection, during injection, and 1 and 5 min 
following injection. The mice were anesthetized and surface 
lead electrodes were attached to the four limbs using alcohol. 
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Surface lead I or II was monitored at a chart speed of 50 
mm/sec. After the baseline EKG was obtained, continuous 
measurements were made during injection. 

Direct arterial gene transfer in vivo 

Direct arterial transfection was performed in 12 pigs using 
methods as previously described in peripheral iliofemoral arter- 
ies using a catheter (E.G. Nabel et aL, 1990, 1992b). In this 
study, the expression of the human recombinant gene was ana- 
lyzed up to 17 days following direct gene transfer in pigs. 
Genomic DNA was prepared from transfected and nontrans- 
fected arteries, ovary or testes, heart, lung, liver, spleen, kid- 
ney, and skeletal muscle by standard proteinase K digestion and 
phenol and chloroform extraction conditions. Oligonucleotide 
primers were synthesized to generate the 525-bp fragment as 
described above. 

Analysis of organ toxicity 

Organ specimens, including transfected and nontransfected 
artery, ovary or testes, brain, heart, lung, liver, spleen, kidney, 
and muscle were obtained when the animals were sacrificed, 
fixed in formalin, embedded in paraffin, and stained in hema- 
toxylin and eosin. Representative sections were examined by an 
experienced pathologist (D.G.) in a blinded fashion. 

Serum from mice or pigs was obtained prior to sacrifice, 
frozen at -20°C, and biochemical analyses were performed 
(Roche Biomedical Laboratories, Dublin, OH). Mean values 



and standard errors of the mean (SEM) prior to and following 
gene transfer were compared using a two- tailed paired /-test. 
Results were considered statistically significant if p ^ 0.05. 



RESULTS 

Comparison of transfection efficiencies of 
DMRIE/DOPE and DC-ChollDOPE in vitro 

To compare the efficacy of DMRIE/DOPE to the DC-Choi/ 
DOPE, a variety of cell lines were transfected in vitro. Among 
the cell lines, the DMRIE/DOPE formulation showed an im- 
proved transfection efficiency ranging from two- to seven-fold, 
depending on the lines that were examined (Fig. 1). In general, 
the relative improvement with DMRIE/DOPE was most effec- 
tive in cell lines that were difficult to transfect with both cat- 
ionic lipids, e.g., MCA 205 fibrosarcoma. It is aiso important 
to note that a higher concentration of plasmid DNA was used 
with DMRIE/DOPE (5 u,g) than DC-Chol/DOPE (1 fjig) be- 
cause this higher concentration of plasmid was toxic to cells in 
vitro with DC-Chol/DOPE (Stewart et aL, 1992). Thus, 
DMRIE/DOPE is not necessarily more potent than DC-Choi/ 
DOPE, but its relative lack of toxicity allows larger quantities 
of DNA to be used in vitro and in vivo. 

In Fig. 2, an example is provided regarding the potential for 
improved therapy with this new liposome formulation. A sub- 
clone of MCA 205, a murine fibrosarcoma (H-2K b ), was poorly 
transfected by DC-Chol/DOPE liposome. Using the DMRIE/ 



Human 

Cell: Melanoma 293 MCA 205 




DMRIE/DOPE: - + - + - + 

DC-Chol/DOPE: + - + _ + _ 

FIG. 1. Improved transfection efficiency of DMRIE/DOPE DNA-liposome complex. Cells were incubated with DNA-Iipo- 
somes reconstituted in Ringer's lactate solution for 1 .5 hr and analyzed after 36 nr. Transfection efficiencies of DMRIE/DOPE and 
DC-Chol/DOPE are shown. Percent transfected cells were analyzed by X-gal staining (Nabel et al. t 1989). Standard deviations 
were <10%. 
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Inoculation 




Days 



H-2K 5 DMRIE/EX)PE (n=4) 
-B- DMRIE/DOPE (n=4) 

H-2K* DC/Cho! (n=5) 



FIG. 2. Improved antitumor effect with DMRIE/DOPE lipo- 
somes compared to DC-Chol/DOPE. C57/BL6 mice (H-2K b ) 
were inoculated with MCA 205 fibrosarcoma tumor cells sub- 
cutaneously in the left posterior hind flank on day 0. Presensiti- 
zation was performed by subcutaneous injection df BALB/c 
(H-2K d ) spleen cells, 5 x I0 6 on day -6, and 2 X 10 6 on day 
+ 1. Tumors were injected (0.1 ml total volume) on days 15, 
18, and 20 with: (i) CMV H-2K b 5 y-g and DMRIE/DOPE 15 
nmol (-♦-); (ii) CMV H-2K d 5 fig and DMRIE/DOPE 15 nmol . 
(-e-); and (iii) CMV H-2K d 5 »xg and DC/Chol/DOPE 15 nmol 
(-*-). Tumor size, calculated as the product of two perpendic- 
ular diameters, was measured at the indicated times. Standard 
deviations for each point were <20%. 



DOPE formulation, a marked antitumor effect was obtained 
after introduction of a foreign MHC gene (H-2K d ) that was not 
seen with DC-Choi (Fig. 2). 



Distribution of DNA-liposome complexes after 
intravenous and intra-arterial administration 

To characterize the distribution of DNA-liposome com- 
plexes after injection in vivo, the complexes were prepared and 
injected into the tail vein of BALB/c mice. The RSV HLA-B7 
plasmid used for the human gene therapy protocol was utilized 
for these studies. Increasing concentrations of DNA-liposome 
complexes were tested in three groups. The lowest dose repre- 
sented a 10-fold higher initial dose than for the human gene 
therapy trial (0.5 p.g plasmid DNA; 1.5 nmol DMRIE/DOPE) 
based on a weight/body surface area ratio. The highest dose was 
1 ,000-fold greater. PCR analysis of DNA from major murine 
organs, including heart, lung, brain, liver, and kidney, showed 
that the injected DNA was detected in multiple organs, includ- 
ing the lung and heart, with these mice after 10 days (Table 

I A). However, the presence of DNA in these organs was not 
associated with organ pathology (see below). The localization 
of DNA-liposome complexes in different tissues has been de- 
scribed previously (Stewart et at., 1992), where it was found 
transiendy in cells of the reticuloendothelial cell system. 

Localized gene transfer to arterial segments was performed in 
12 pigs at three doses, HLA-B7 DNA 0.5 u,g and DMRIE/ 
DOPE 1.5 nmol (2 pigs), HLA-B7 DNA 5.0 u,g and DMRIE/ 
DOPE 15 nmol (4 pigs), and HLA-B7 DNA 50 jig and DMRIE/ 
DOPE 150 nmol (6 pigs). The right and left iliofemoral arteries 
were transfected in the 12 pigs, for a total of 24 arteries. PCR 
analysis from these pigs demonstrated HLA-B7 DNA in 20 of 
24 arteries, 3 of 4 arteries transfected at the 0.5 u*g/l.5 nmol 
dose, 6 of 8 arteries transfected at the 5.0 ng/15 nmol dose, and 

II of 12 arteries transfected at the 50 n-g/150 nmol dose. In 
addition, PCR analysis did not demonstrate HLA-B7 DNA in 
major organs 17 days following intraarterial gene transfer (Ta- 
ble IB). 



Table 1. Localization of Recombinant Genes by PCR after Introduction In Vivo in Mice and Pigs 



A. DNA/ liposome 


Brain 


Heart 


Lung 


Liver 


Kidney 




Spleen 


Muscle Ovary 


0.5 jJLg/1.5 nmol 


2/6 


5/6 


5/6 


2/6 


3/6 




2/6 


0/6 0/6 


5.0 (xg/15 nmol 


2/6 


1/6 


2/6 


3/6 


2/6 




4/6 


0/6 0/6 


50 fig/ 150 nmol 


0/3 


0/3 


0/3 


0/3 


0/3 




0/3 


0/3 0/3 


Mice were injected with 0. 1 ml of the indicated concentrations of HLA-B7 plasmid and DMRIE/DOPE t and DNA was extracted from the 


indicated tissues at 10 days for analysis by PCR. Mice received injections by tail vein. The number of animals which tested positive relative to the 


total number analyzed is indicated. 
















B. DNA/ liposome 
















Nontransfected 


Heart 


Lung 


Liver 


Kidney 


Spleen 


Muscle 


artery Ovary 


0.5 jJLg/1.5 nmol 


0/2 


0/2 


0/2 


012 


0/2 


0/2 




0/2 0/2 


5.0 |xg/15 nmol 


0/2 


0/2 


0/2 


0/2 


0/2 


0/2 




0/2 0/2 


50 ji.g/150 nmol 


0/3 


0/3 


0/3 


0/3 


0/3 


0/3 




0/3 0/3 



Pigs were treated with indicated concentrations of plasmid DNA and DMRIE/DOPE by arterial gene transfer (Nabel etal.. 1993a,b). DNA was 
extracted from the indicated tissues at 17 days and analyzed as in A. 
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Table 2. Evaluation of Selected Serum Enzymes and Chemistries Before and After a Single Intravenous 

Injection of HLA-B7 DNA-Liposomes in Mice 



Plasmid (\x,g): 0.5 5 50 

DMRIEIDOPE (nmol): 1.5 15 150 



Pre Post Pre Post Pre Post 



Albumin (g/dl) 


3.4 


± 


0.4 


3.3 




0.3 


3.3 




0.4 


3.2 




0.3 


3.1 




0.1 


3.3 


± 


0.2 


Alk Phos (IU/liter) 


146 


± 


21 


152 




!3 


164 




14 


170 


± 


17 


172 


± 


8 


193 


± 


23 


Amylase (U/liter) 


2,261 


± 


31 


2,337 




192 


2,395 


± 


277 


2,465 


± 


339 


2,612 


± 


166 


2,226 




217 


Bilirubin (mg/dl) 


0.1 


± 


0 


0.1 




0 


0.1 


± 


0 


0.1 




0 


0.1 


± 


0.1 


0.1 


± 


0 


BUN (mg/dl) 


20 


■± 


4 


25 


± 


2 


35 




6 


26 


± 


3 


24 


± 


9 


20 


± 


0 


Creatinine (mg/dl) 


0.5 




0.2 


0.6 




0.3 


0,5 


± 


0.2 


0.3 




0 


1.0 




0.2 


0.2 




0 


SGOT (IU/liter) 


71 


± 


8 


60 


± 


7 


57 




3 


61 


± 


6 


40 


± 


12 


60 




8 


Total protein (g/dl) 


6.3 


± 


0.8 


5.2 


± 


0.2 


5.4 




0.8 


5.4 


± 


0.6 


5.0 




0 


4.5 


± 


0.2 



Blood samples were obtained from BALB/c female mice (n - 5) prior to intravenous injection (Pre) and 10 days after (Post) tail vein injection 
with the indicated concentrations of DNA-liposome complexes. Serum enzyme and chemistry values were analyzed (Roche Biomedical Labora- 
tory), and mean values and standard deviations are shown. 



Organ toxicity 

To determine whether the introduction of DNA-liposome 
complexes in vivo produced toxicity to major organ systems, 
several serum biochemical parameters were evaluated either 
after a single injection or after three separate injections made at 
2- week intervals in mice and pigs. The previous studies regard- 
ing the long-term toxicity and immunologic consequences of 
expression of a foreign MHC gene have been previously re- 
ported with no adverse effects noted (E.G. Nabel et al. t 1992a). 
Analysis of serum enzymes and protein from liver, kidney, 
bone, and pancreas revealed no significant changes 10 days 
after a single injection (Table 2) or 14 days after three treat- 
ments administered at 2- week intervals (Table 3). Similar anal- 
yses were performed in pigs that received arterial gene transfer 
with DNA-liposome complexes, and no biochemical abnor- 
malities were observed (Table 4). Pathology analysis of tissues 
from these animals showed occasional incidental changes unre- 
lated to the introduction of DNA-liposome complexes (Table 
5). The incidental findings, including occasional peribronchial 



lymphoid aggregates in the lung or liver were seen in control 
animals that did not receive DNA-liposome treatments in pre- 
vious studies (E.G. Nabel et ai., 1992a; Stewart et at., 1992). 
Similarly, no pathological abnormalities were detected after 
three treatments with DNA-liposome complexes in mice (data 
not shown), analogous to the protocol used in our human clini- 
cal trial (G.J. Nabel etaL, 1992a, 1993). In addition, toxicity 
studies were performed in pigs following direct arterial gene 
transfer. These pathology studies demonstrated that the admin- 
istration of DNA-liposome complexes intra-arterially was well- 
tolerated in vivo, with no adverse responses detected biochemi- 
cally (Table 4) or in tissues (Table 5). 



Cardiac toxicity 

As in previous studies, plasmid DNA was detected after 
intravenous injection in the heart by PCR analysis. Therefore, 
we examined whether this formulation caused significant acute 
or chronic toxicity from this treatment. We first evaluated the 



Table 3. Evaluation of Selected Serum Enzymes and Chemistries Before and After Three Intravenous 
Injections of HLA-B7 DNA-Liposome Complexes in Mice 

Plasmid ([Lg): 0.5 5 50 

DMRIEIDOPE (nmol): 1,5 15 150 





Pre 




Post 


Pre 




Post 


Pre 




Post 


Albumin (g/dl) 


3.4 ± 


0 


2.9 ± 0 


3.1 ± 


0.2 


2.9 ± 0 


3.2 ± 


0.1 


3.2 ± 0,2 


Alk Phos (IU/liter) 


152 ± 


8 


113 ± 10 


161 ± 


16 


124 ± 14 


170 ± 


8 


182 ± 11 


Amylase (U/liter) 


2,246 ± 


17 


2,319 ± 185 


2,213 ± 


172 


2,223 ±116 


2,585 ± 


178 


2,183 ± 277 


Bilirubin (mg/dl) 


0.1 ± 


0 


0.1 ±0 


0.1 ± 


0 


0.1 ±0 


0.1 ± 


0 


0.3 ± 0 


BUN (mg/dl) 


21 ± 


3 


18 ± 3 


37 ± 


7 


23 ± 8 


26 ± 


10 


22 ± 3 


Creatinine (mg/dl) 


0.7 ± 


0 


0.4 ± 0.3 


0.4 ± 


0.3 


0.4 ± 0.3 


1 ± 


0 


0.3 ± 0 


Phosphorous (mg/dl) 


6.7 ± 


0.5 


6.2 ± 0.5 


7.2 ± 


0.5 


5 ± 0.8 


7.6 ± 


0.9 


7.7 ± 1.8 


SGOT (IU/liter) 


69 ± 


10 


53 ± 15 


56 ± 


3 


69 ±28 


41 ± 


13 


46 ± 2 


SGPT (IU/liter) 


35 ± 


3 


27 ± 9 


31 ± 


8 


37 ± 5 


25 ± 


4 


26 ± 2 


Total protein (g/dl) 


6.3 ± 


1 


4.8 ±0.3 


5.4 ± 


0.9 


5.1 ± 0.5 


5.0 ± 


0 


4.8 ± 0 



Blood samples were obtained from BALB/c female mice (n - 5) prior to intravenous injection (Pre) and 14 days after (Post) the third injection of 
DNA-liposome complexes at the indicated concentrations. Serum enzyme and chemistry values were analyzed (Roche Biomedical Laboratory), 
and mean values and standard deviations are shown. 
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Table 4. Evaluation of Selected Serum Enzymes and Chemistries Before and After Arterial Gene Transfer 

of hla-b7 dna-ltposome complexes in plgs 



Plasmid(^g): 5 50 

DMRIEIDOPE (nmol): 15 J5Q 





Pre 


Post 


Pre 




Post 


Albumin (g/dl) 


3.2 ± 0.4 


3.2 ± 0.2 


3.3 ± 


0.3 


3.4 ±0.3 


Alk Phos (IU/liter) 


298 ± 62 


186 ± 29 


241 ± 


97 


206 ± 51 


Amylase (U/liter) 


1,799 ± 139 


2,170 ± 470 


2,269 ± 


605 


2,527 ± 1,297 


Bilirubin (mg/dl) 


0.14 ± 0.05 


0.22 ± 0.04 


0.10 ± 


0 


0.14 ± 0.05 


BUN (mg/dl) 


8 ± 3 


9 ± 3 


6 ± 


1 


10 ±2 


Calcium (mg/dl) 


9.3 ± 0.2 


9.3 ± 0.4 


9.5 ± 


0.6 


9.5 ± 1.0 


Chloride (mEq/liter) 


10! ± 1 


99 ±5 


103 ± 


1 


101 ± 5 


Creatinine (mg/dl) 


0.9 ±0.1 


l.I±0.1 


0.8 ± 


0.1 


1.2 ±0.2 


Glucose (mg/dl) 


III ±57 


134 ±54 


102 ± 


56 


116 ±22 


LDH (IU/liter) 


538 ± 146 


507 ± 161 


425 ± 


62 


489 ± 173 


Phosphorous (mg/dl) 


10.3 ± 0.7 


7.9 ± 0.8 


10.5 ± 


1.4 


10.9 ±4.1 


Potassium (mEq/liter) 


5.1 ± 1.0 


4.4 ± 0.8 


4.5 ± 


0.4 


4.8 ± 1.1 


SGOT (IU/liter) 


28 ± 8 


44 ± 30 


27 ± 


13 


43 ± 30 


SGPT (IU/liter) 


29 ± 14 


42 ± 12 


36 ± 


9 


40 ± 7 


Sodium (mEq/liter) 


139 ±2 


135 ±5 


143 ± 


2 


142 ± 9 


Total protein (g/dl) 


5.0 ±0.1 


5.4 ± 0.5 


5.7 ± 


0.5 


5.7 ± 0.5 



Blood samples were obtained from pigs (n = ! 0) prior to (Pre) and 17 days after (Post) arterial gene transfer of DNA-liposome complexes at the 
indicated concentrations (n = 5 for each concentration). Serum enzyme and chemistry values were analyzed (Roche Biomedical Laboratory), and 
mean values and standard errors of the mean are shown. AH values fall within the range of normal limits (Nabel et al., 1992a). 



potential for acute effects of this treatment by examining the 
electrocardiogram before, during, and after injection on 
DMRIE/DOPE plasmid complexes. As observed with DC-Choi 
liposomes, this analysis revealed no abnormalities in rate or 
rhythm after intravenous injection (Fig. 3). As a further evalua- 
tion of cardiac toxicity, CPK measurements were performed in 
mice before or after injection with DNA-liposome complexes. 
No significant changes in CPK levels were noted pre- or post- 
injection (Table 6), In addition to these analyses, histopatholog- 
ical analysis of tissue was performed. No significant pathologi- 



cal abnormalities were detected at 14 days to 6 weeks after 
injection (Table 5). In summary, despite the detection of com- 
plexes by PCR within the myocardium, there was no acute or 
chronic cardiac toxicity from this treatment. 

DISCUSSION 

The potential of nonviral vectors as a delivery vehicle for 
human gene therapy has expanded over the past several years. 



Table 5. Histological Analysis of Tissue Following Introduction of DNA-Liposomes In Vivo 



Species: 




Mice 






Pigs 


|A£ DNAJnmol liposome: 


0.5/1.5 


5115 


50IJ50 


5115 


50U50 




<n=5) 


(n = 5) 


(n - 14) 


(n = 4) 


(n = 6) 


Heart 


Normal 


Normal 


Normal 


Normal 


Normal 


Lung 










0 Focal peribronchial 


2/5 


Normal 


3/14 


3/4 


3/6 


lymphoid aggregates 










Liver 












a Focal portal mononuclear 


2/5 


2/5 


4/14 


Normal 


3/6 


inflammatory aggregates 










Kidney 












a Focal interstitial 


Normal 


Normal 


1/14 


Normal 


Normal 


mononuclear inflammatory cells 










Spleen 


Normal 


Normal 


Normal 


Normal 


Normal 


Skeletal muscle 


Normal 


Normal 


Normal 


Normal 


Normal 


Nontransfected artery 


ND 


ND 


ND 


Normal 


Normal 


Ovary 


Normal 


Normal 


Normal 


Normal 


Normal 



ND, not determined. 

* Minor pathologic changes of no clinical significance. 
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FIG. 3. Effect of DNA-liposome infusions on cardiac rate and rhythm measured by electrocardiography. Five mice were 
monitored electrocardiographically before and after intravenous infusions of saline (control, n = 2) or HLA-B7 liposomes (n = 3). 
Female BALB/c mice were anesthetized by metathane inhalation. Surface electrodes were attached to the four limbs, and surface 
lead I or II was recorded continuously at 50 mm/sec paper speed. Representative tracings are shown for each group pre-injection 
and 5 min post-injection. 



In theory, a variety of such vectors could be employed for gene 
transfer in vivo, including DNA-liposome complexes, naked 
plasmid DNA, protein/DNA, or inactivated viral DNA com- 
plexes. In this study, we examine the toxicities of a novel 
DNA-liposome complex that may provide for a substantial 
increase in the amount of recombinant DNA which could be 
administered in vivo. In this formulation, the cationic lipid, 
DMRIE, has been substituted for DC-Choi. The resulting 
DNA-liposome complex has enhanced transfection efficiencies 
in vitro (Fig. 1). Although the magnitude of this effect is rela- 
tively small (two- to seven-fold), these plasmids do not aggre- 
gate at higher cell concentrations, and a substantially higher 
quantity of plasmid can be. introduced in vivo by this method. 
This DNA-liposome also has the ability to facilitate an antitu- 
mor response in a case where the other liposome is less active 
(Fig. 2). 

The ability to introduce genes at higher concentrations could 
enhance gene transfer and stimulate increased synthesis of gene 
products that are required for therapeutic effects. For example, 
recently, high-level concentrations of Lipofectin (BRL, Gaith- 
ersburg, MD) and plasmid expression vectors have been de- 
scribed that allow for gene expression systemically following 
intravenous infection (Zhu et al., 1993). Additional Phase 1 
studies will be required in humans to test this possibility. This 



Table 6. Measurements of Total CPK (U/L) 
Before and After Intravenous Injection 
with dna-liposomes in mice 



Plasmid 


0.5 


5 


50 


DMRIE/DOPE (nmoi): 


1.5 


15 


150 


Pre-injection 


339 ± 122 


156 ± 44 


156 ± 44 


Post-injection 


189 ± 63 


163 ±44 


163 ± 44 




p ^ 0.79 


p *s 0.96 


p^0.31 



Serum samples were obtained from BALB/c female mice prior to 
intravenous injection and 16 hr following injection of HLA-B7 lipo- 
some complexes (n ~ 5, each dose). Serum was analyzed by Roche 
Biomedical Laboratory (Burlington, NC). 



study, together with previous studies that have demonstrated 
the relative safety of other DNA-liposome complexes (Nabel et 
aL, 1992a; Stewart et a/., 1992), provides evidence that the 
administration of such compounds in vivo is well tolerated. 

The present study confirms that this treatment is tolerated at 
doses up to 1 ,000-fold higher than previously analyzed and has 
the potential to deliver larger quantities of genes. As in previous 
studies, although DNA was detected in the myocardium follow- 
ing intravenous injection, there was no effect on myocardial 
function, either acutely or chronically. Therefore, the intrave- 
nous infusion of DNA-liposome complexes continues to appear 
safe with regard to cardiac function even at higher doses. Fi- 
nally, the concern was raised regarding the potential for inad- 
vertent introduction of DNA into germ cells. We found that 
DNA was not detected in gonadal tissue, following gene trans- 
fer with DNA/DC-Chol complexes, even by PCR (Nabel et al. , 
1992a). The previous study used lower doses of the DNA- 
liposome complex. The present study also confirms that the 
lack of recombinant DNA in gonadal tissue at concentrations up 
to 1,000-fold greater than those reported previously. Taken 
together, these data suggest that several cationic lipids may be 
useful for human gene therapy and are unlikely to cause signif- 
icant toxicity at these doses, even when modifications are made 
in one of the charged lipid components. These data also suggest 
that additional modifications of the lipid can be incorporated in 
the future that will facilitate the efficiency of targeting DNA- 
liposome complexes to specific tissues in vivo. 



REFERENCES 

FELGNER, J.H., KUMAR, R., SRIDHAR, C.N., WHEELER, C.J., 
TSAI, Y.JL, BORDER, R., RAMSEY, P., MARTIN, M., and FEL- 
GNER, P.L. (1993). Enhanced gene delivery and mechanism studies 
with a novel series of cationic lipid formulations — part 1. J. Biol. 
Chem. (in press). 

GAO, X., and HUANG, L. (1991). A novel cationic liposome reagent 
for efficient transfection of mammalian cells. Biochem. Biophys. 
Res. Commu. 179, 280-285. 



788 



SAN ET AL. 



NABEL, E.G., PLAUTZ, G., BOYCE, F.M., STANLEY. J.C., and 
NABEL, G.J. (1989). Recombinant gene expression in vivo within 
endothelial cells of the arterial wall. Science 244, 1342-1344. 

NABEL, E.G., PLAUTZ, and NABEL, G J. (1990). Site-specific 
gene expression in vivo by direct gene transfer into the arterial wall. 
Science 249, 1285-1288. 

NABEL, E.G., GORDON, D., YANG, Z-Y., XU, L., SAN, H., 
PLAUTZ, G.E., WU, B-Y., GAO, X., HUANG, L., and NABEL, 
G.J. ( 1992a). Gene transfer in vivo with DNA-liposome complexes: 
lack of autoimmunity and gonadal localization. Hum. Gene Ther. 3, 
649-656. 

NABEL, E.G., PLAUTZ, G., and NABEL, G.J. (1992b). Transduc- 
tion of a foreign histocompatibility gene into the arterial wail induces 
vasculitis. Proc. Natl. Acad. Sci. USA 89, 5157-5161. 

NABEL, E.G., YANG, Z., LIPTAY, S., SAN, H., GORDON, D., 
HAUDENSCHILD, C.C., and NABEL, G.J. (1993a). Recombinant 
platelet-derived growth factor B gene expression in porcine arteries 
induces intimal hyperplasia in vivo. J. Clin. Invest. 91, 1822-1829. 

NABEL, E.G., YANG, Z. Y., PLAUTZ, G., FOROUGH, R., ZHAN, 
X., HAUDENSCHILD, C.C., MACIAG, T. f and NABEL, G.J. 
(1993b). Recombinant fibroblast growth factor-1 gene expression 
promotes intimal hyperplasia and angiogenesis in arteries in vivo. 
Nature 362, 844-846. 

NABEL, G.J., CHANG, A., NABEL, E.G., PLAUTZ, G., FOX, 
B.A., HUANG, L., and SHU, S. (1992a). Clinical Protocol: Immu- 
notherapy of malignancy by in vivo gene transfer into tumors. Hum. 
Gene Ther. 3, 399-410. 

NABEL, G.J., CHANG, A., NABEL, E.G., PLAUTZ, G., FOX, 
B.A., HUANG, L., and SHU, S. (1992b). Clinical Protocol: Re- 
sponse to the points to consider for immunotherapy of malignancy by 
in vivo gene transfer into tumors. Hum. Gene Ther. 3, 705-71 1 . 



NABEL, G.J., NABEL, E.G., YANG, Z.-Y., FOX, B.A., PLAUTZ, 
G.E., GAO, X., HUANG, L., SHU, S., GORDON, D., and 
CHANG, A.E. (1993). Direct gene transfer with DNA liposome 
complexes in melanoma: Expression, biologic activity and lack of 
toxicity in humans. Proc. Natl. Acad. Sci. USA (in press). 

PLAUTZ, G.E., YANG, Z., WU, B., GAO, X., HUANG, L., and 
NABEL, G.J. (1993). Immunotherapy of malignancy by in vivo 
gene transfer into tumors. Proc. Natl. Acad. Sci. USA 90, 4645- 
4649. 

STEWART, M.J., PLAUTZ, G.E., DEL BUONO, L., YANG, Z.Y., 
XU, L., GAO, X., HUANG, L., NABEL, E.G., and NABEL, G.J. 
(1992). Gene transfer in vivo with DNA-liposome complexes: safety 
and acute toxicity in mice. Hum. Gene Ther. 3, 267-275. 

ZHUt N., LIGGITT, D., LIU, Y., and DEBS, R. (1993). Systemic 
gene expression after intravenous DNA delivery into adult mice. 
Science 261, 209-211. 



Address reprint requests to: 
Dr. Gary Nobel 
Howard Hughes Medical Institute 
Departments of Internal Medicine and Biological Chemistry 
University of Michigan Medical Center 
1150 W. Medical Center Drive 
4510 MSRBI 
Ann Arbor, Ml 48109-0650 

Received for publication June 16, 1993; accepted after revision 
August 16, 1993. 



Systemic Gene Expression After Intravenous 
DNA Delivery into Adult Mice 

Ning Zhu, Denny Liggitt, Yong Liu, Robert Debs* 

Direct gene transfer into adult animals resulting in generalized or tissue-specific expression 
would facilitate rapid analysis of transgene effects and allow precise in vivo manipulation of 
biologic processes at the molecular level. A single intravenous injection of expression 
plasmid:cationic liposome complexes into adult mice efficiently transfected virtually all tis- 
sues. In addition to vascular endothelial cells, most of the extravascular parenchymal cells 
present in many tissues including the lung, spleen, lymph nodes, and bone marrow ex- 
pressed the transgene without any apparent treatment-related toxicity. The transgene was 
still expressed in large numbers of cells in multiple tissues for at least 9 weeks after a single 
injection. Expression could be targeted to specific tissues and cell types, depending on the 
promoter element used. 



The ability to efficiently transfect large num- 
bers and diverse populations of somatic cells 
in adult animals would provide researchers a 
rapid and reproducible source of animals with 
which to analyze the function of genes trans- 
ferred and expressed in vivo. This ability 
could also create new opportunities for direct- 
ly altering gene expression in living hosts, (i) 
Loss or gain of function phenotypes could be 
produced directly in adult animals, (ii) The 
effects of expressing a transgene at different 
developmental stages could be assessed, (iii) 
Transgenes whose expression is lethal during 
embryogenesis could be expressed after birth, 
(iv) Multiple transgenes could be expressed in 
series in the same animal. Cationic liposomes 
containing N(l-(2,3-dioleyloxy)propyl]-N,N, 
N-trimethylammonium chloride (DOTMA) 
have been used to deliver DNA (J), mRNA 
(2), or proteins (3) into cultured cells. How- 
ever, their usefulness as an in vivo DNA 
carrier system has been limited because the 
expression of transferred genes has been con- 
fined to small numbers of cells within a single 
tissue (4, 5). 

By intravenously injecting various mix- 
tures of a cytomegalovirus (CMV)-chlor- 
amphenicol acetyltransferase (CAT) ex- 
pression plasmid and DOTMArdioleoyI 
phosphatidylethanolamine (DOPE) lipo- 
somes, we determined that a ratio of 1 u,g of 
plasmid DNA to 8 nmol of liposomal lipid 
produced maximal CAT gene expression in 
lung, heart, and lymph node tissues (Fig. 
1A). The ratio of DNA to cationic lipo- 
somes determines the net surface charge on 
the complex, which can alter the interac- 
tions of the complex with potential opso- 
nins in the circulation (6) and alter the 
ability of the complex to bind and enter 
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cells in vivo. Using the DNA-to-liposome 
ratio (1:8), we found that doses of more 
than 50 u,g of the CMV-CAT plasmid per 
20-g mouse produced generalized CAT 
gene expression throughout the body (Fig. 
IB). With a dose of 100 u,g of DNA, high 
levels of CAT activity (7) were present in 
the lung, spleen, liver, heart, kidney, and 
lymph nodes (Fig. IB) as well as in the 
thymus, uterus, ovary, skeletal muscle, 
pancreas, bone marrow, stomach, small 
intestine, and colon (8) . When tissues were 
assayed for CAT activity per milligram of 
tissue protein, as performed for Fig. IB, the 



lung and spleen had the highest levels of 
CAT activity (9). 

In addition to the DNA-to-liposome ra- 
tio and DNA dose, conditions which in- 
creased levels of transgene expression in vivo 
were the use of the immediate-early 1 pro- 
moter-enhancer element of the human 
CMV and an intron 5' to the coding region 
rather than a 3' intron (JO). Similarly, 
constructs containing the human CMV pro- 
moter (J J) and an intron 5' to the coding 
sequence (12) significantly increased the 
level and extent of gene expression in trans- 
genic mice after oocyte injection. 

We extracted genomic DNA from 
mouse tissues and subjected it to both 
Southern (DNA) blot and polymerase 
chain reaction (PCR) analyses to probe for 
the presence of the CAT gene. Significant 
amounts of plasmid DNA were present in 
DNA extracted from the lung and liver at 
day 1 but were undetectable by Southern 
analysis at day 21 (Fig. 2A). We detected 
intact plasmid DNA in supercoiled, re- 
laxed, and linearized forms by Southern 
analysis at day 1 (Fig. 2 A) , demonstrating 
that nonintegrated plasmid was present. 
The CAT gene was detected by PCR anal- 
ysis in the lung, lymph nodes, heart, and 
spleen of treated animals at 63 days after 
injection (Fig. 2B). Transient CAT gene 
expression in the lung after intravenous (iv) 
injection has been reported (4). Prolonged 




Fig. 1. The effect of the DNA-to-liposome ratio on CAT gene expression in vivo. (A) Female ICR mice 
(20 g) (Simonson) were injected in their tail veins with 100 m-9 of a human CMV-CAT plasmid 
(pCIS-CAT, obtained from C. Gorman, Genentech) complexed.to 200 (lane 2), 600 (lane 3), 800 
(lane 4), or 1200 nmol (lane 5) of DOTMA: DOPE liposomes in 200 pi of 5% dextrose in water. (Lane 
1, untreated control.) We prepared liposomes from DOTMA and DOPE in a 1:1 molar ratio as 
described (3). Mice were killed 48 hours later, and tissues were harvested and homogenized. We 
prepared extracts and assayed for protein by means of a Coomasie blue-based assay (Bio-Rad). 
Each tissue was normalized for protein and assayed for CAT activity as described (21), with the 
following modification: 0.3 jiCi of u C-labeled chloramphenicol (55 mCi/mmol) was added to 200 
nmol of acetyl coenzyme A for a final volume of 122 pj. (B) The effects of the injected dose of 
DNA: liposome complexes on CAT gene expression in vivo. We gave ICR mice (in groups of three) 
a tail vein injection of 50. 100. or 150 \lq of plasmid DNA complexed to 400, 800. or 1200 nmol of 
DOTMA: DOPE liposomes, respectively, and killed the mice 48 hours later. Paraoxon (1 mM) was 
added to liver and kidney extracts. To quantitate CAT activity in tissue extracts, we cut areas 
corresponding to f ^chloramphenicol and its acetytated derivatives from the thin-layer chroma- 
tography plate and counted them in a scintillation counter. The enzymatic activity of CAT in tissue 
extracts was expressed as picomoles of [ 14 C]chloramphenicol acetylated per milligram of protein 
per hour under assay conditions. Values represent mean ± SD. 
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Fig. 2. Southern and PCR analyses to detect the CAT gene in mouse tissues. (A) We gave mice iv 
injections of DNA:liposome complexes or left the mice untreated, then 1 or 21 days later we 
harvested tissues and isolated nuclear DNA (22). For Southern analysis, DNA was digested with 
Eco RV, which does not cut within the plasmid, and Bgl It, which cuts at a single site within the 
plasmid. The DNA fragments were separated by electrophoresis on a 1% agarose gel and 
transferred to Hybond-N+ nylon membranes (Amersham). The blot was hybridized with a 
^P-labeled Bam H1-Pst 1 fragment of the mouse (i-globin gene, washed, and rehybridized with the 
CMV-CAT plasmid. Lanes 1 through 6 were cut with Bgl II: (lane 1) day-1 lung; (lane 2) day-21 lung; 
(lane 3) control lung; (lane 4) day-1 liver; (lane 5) day-21 liver; and (lane 6) control liver. Lanes 7 
through 12 were cut with Eco RV: (lane 7) day-1 lung; (lane 8) day-21 lung; (lane 9) control lung; 
(lane 10) day-1 liver; (lane 11) day-21 liver; and (lane 12) control liver. The remaining two lanes 
contain (lane 13) CAT plasmid-Bgl II and (lane 1 4) CAT plasmid-Eco RV. (B) Mouse DNA extracted 
from the lung, lymph nodes, heart, and spleen of an animal injected 63 days before, as well as DNA 
extracted from the spleen of a control mouse, was subjected to PCR analysis using two primers 
specific for the CAT gene, ACGTTTCAGTTTGCTCATGG and AGCTAAGGAAGCTAAAATGG, 
which yield 320-bp fragments. We performed the PCR analysis in a final volume of 100 pJ of 2.5 mM 
MgCl 2 with 100 pmol of each primer. The cycles were 94°C for 30 s, 50°C for 1 min, and 72°C for 
1 min. After 27 cycles we analyzed the products on 1 ,6% agarose gels. Lane 1 , 0X174 ladder (BRL); 
lane 2, day-63 lung; lane 3, day-63 lymph node; lane 4, day-63 heart; lane 5, day-63 spleen; lane 
6, control spleen; lane 7, CAT plasmid; and lane 8, water control. 



expression of episomal transgenes in nondi- 
viding cell types has been reported after 
intramuscular injection of naked DNA into 
mice (13) or after cationic liposome-medi- 
ated transfection of freshly isolated cells 
from rodent lung (14). 

We next assessed by immunohistochem- 
istry the types and numbers of cells trans- 
fected in vivo after iv injection. Although 
circulating DNA: liposome complexes 
would be expected to be confined to the 
vascular compartment, we found that iv 
injection of CMV-CAT:liposome complex- 
es transfected the majority of all cells pres- 
ent in the lung, including most of the 
alveolar and airway parenchymal cells, as 
well as cells of the vascular endothelial 
lining cells (Table 1). The staining of both 
alveolar and endothelial cells was diffuse 
(Fig. 3A). Staining intensity varied 
throughout the lung, but negatively stain- 
ing areas were rare. 

Because CAT activity was present in large 
numbers of extrapulmonary tissues after iv 
injection of CMV-CAT: liposome complexes, 
we assessed the cellular pattern of CAT gene 
expression by immunohistochemistry in sev- 
eral other tissues as well. Two patterns of 
transgene expression were apparent: (i) gen- 
eralized expression throughout the tissue (as 
seen in the lung) or (ii) expression largely 
confined to the vascular endothelial compart- 
ment. Specifically, CAT gene expression was 
present in large numbers of extra vascular pa- 
renchymal cells in the spleen, liver, lymph 
nodes, and bone marrow after injection into 



normal animals (Table 1 and Fig. 3C) . [The 
lung and spleen had the largest amounts of 
CAT protein as revealed by immunos taining 
(Fig. 3 and Table 1) and by enzymatic activity 
measurements (Fig. IB).] Thus, circulating 
DNA: liposome complexes appear to readily 
extra vasate across vascular endothelial barri- 
ers in these tissues. In contrast with this 
diffuse pattern of parenchymal cell transfec- 
tion, CAT gene expression was largely con- 
fined to the vascular compartment in the 
heart and kidney. In these tissues, most en- 
dothelial cells lining small blood vessels, but 
few extravascular parenchymal cells, were 
transfected (Table 1). 

We also tested the ability of the CMV- 
CAT:cationic liposome complexes to be 
taken up by and expressed in parenchymal 
lung tumors. These complexes were intra- 
venously injected into mice bearing estab- 
lished B16 melanoma lung metastases. We 
found that both metastatic lung tumors and 
tumor emboli within the pulmonary vascu- 
lar compartment were efficiently transfected 
(Table 1). 

Next we assessed the duration of CAT 
gene expression in tissues by immunohis- 
tochemistry. Expression of the CAT gene, 
as detected by positive staining, was still 
present in approximately 40% of all lung 
cells, as well as in approximately 30% of 
lymph node and spleen cells, 9 weeks after 
a single iv injection of CMV-CAT: lipo- 
some complexes (8) . The half-life of CAT 
activity in freshly isolated rodent hepato- 
cytes transfected with the CAT gene ex 



Table 1. Immunohistochemical localization of 
CAT antigen in tissues harvested 24 to 48 hours 
after iv injection with CMV-CAT:cationic lipo- 
some complexes. Initial evaluations were al- 
ways conducted in a blinded fashion. 



Organ 


Tissues staining 
positive for CAT 
antigen 


Relative 
expression 
of CAT 
antigen 
in tissues* 


Lung 


Alveolar wallst 


4 


Bronchioles 


3 


Heart 


Endothelium 


3 




Myocytes 


1 


Bone marrow 


Mononuclear 


2 




cells 




Liver 


Endothelium 


1 




Hepatocytes 


1 


Spleen 


Red pulp 


4 




White pulp 


3 


Lymph node 


Paracortex 


4 


Germinal center 


1 


Kidney 


Endothelium 


2 


Lung* 


Metastatic 


2-3 



tumor cells 

*A semiquantitative estimation of the frequency of posi- 
tively stained ceils in a representative series of immuno- 
histochemical preparations (range: 1 , staining of <25% 
of cells; to 4. staining of >75% of cells). These results 
were compiled from a minimum of three different exper- 
iments consisting of a total of at least 10 animals, and all 
the results were consistent. tlncfudes endothelium 
and alveolar lining cells (indistinguishable). JFrom 
mice bearing B16 melanoma lung metastases. 



vivo is approximately 20 hours (15). Thus, 
the persistence of CAT activity does not 
appear to result from stability of the CAT 
protein within cells. Furthermore, iv injec- 
tions of DNA: liposome complexes repeated 
at 2-week intervals produced peak levels of 
transgene expression comparable to those 
produced by the first dose (8). 

We have also tested the expression of 
the human gene encoding the cystic fibrosis 
transmembrane conductance regulator 
(CFTR) driven by the human CMV pro- 
moter. Using immunohistochemistry, we 
found that the human CFTR transgene is 
still expressed in large numbers of lung cells 
for at least 150 days after the last iv injec- 
tion of CMV-CFTR plasmid:cationic lipo- 
some complexes into mice (16). These 
results indicate that transgene expression 
can persist in tissues for prolonged periods 
of time after cationic liposome-based in 
vivo gene delivery. 

Sections from a wide variety of tissues 
from treated animals were also analyzed for 
potential toxicity. We observed no treat- 
ment-related toxicity in any treated animal. 
Specifically, hematoxylin- and eosin- 
stained histologic sections from treated an- 
imals were indistinguishable from compara- 
ble sections from untreated animals, and 
organ weights were not significantly differ- 
ent between control and treated animals. 
Furthermore, treated mice appeared normal 
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Rg. 3. Immunohistochemical analysis to detect CAT enzyme in mouse tissues. We injected ICR 
mice intravenously with 100 n.g of CMV-CAT complexed to cationic liposomes, as described in Fig. 
1 B, or left the mice untreated and then killed them 48 hours later. For tumor localization studies, 
female C57B mice were injected intravenously with 5 x 10 4 B16 melanoma cells, received 14 days 
later 100 p,g of the DNA:liposome complex or no treatment, and then killed 24 hours later. We then 
prepared the appropriate tissues tor analysis (23). Red staining indicates the location of CAT 
antigen. (A) and (B) are adjacent lung sections from a mouse treated with CMV-CAT:liposome 
complexes. (C) and (D) are spleen sections from a CMV-CAT:liposome-treated mouse and a 
control mouse, respectively. To verify the specificity of CAT immunostaining, we first adsorbed the 
primary rabbit polyclonal anti-CAT against purified CAT (Sigma). For the liquid phase absorption we 
diluted the rabbit primary antibody 1 :300 with a solution of purified CAT (CAT diluted 1 :50 with a 
solution of PBS containing 0.5% casein and 2% normal goat serum) (B). Nonabsorbed antibody was 
similarly prepared but without the addition of purified CAT (A). The solutions were incubated for 1 
hour at 37°C. placed on ice for an additional hour, and then subjected to immunostaining. The 
positive CAT immunostaining signal (A) is specifically blocked by absorbing the anti-CAT with 
purified CAT enzyme (B). 



from the time we injected them with 
DNA:liposome complexes until they were 
killed. In the absence of inflammation or 
injury, the ability of circulating DNA:lipo- 
some complexes to extravasate into many of 
these tissues cannot be explained by altered 
vascular permeability. Consistent with our 
findings, other investigators have conclud- 
ed that the systemic injection of DNA:ca- 
tionic liposome complexes into animals ap- 
pears nontoxic (17)* 

This somatic cell transgenic model pro- 
vides simple, rapid, and reproducible transfer 
and expression of heterologous genes directly 
in adult animals. It could facilitate the iden- 
tification of cis-acting sequences that regulate 
gene expression in vivo. Because the expres- 
sion plasmid appears to be present primarily in 
episomal form, the use of these somatic cell 
transgenic animals may avoid unpredictable 
regulatory effects resulting from integration of 
transgenes into random sites within chromo- 
somal DNA after the plasmid is injected into 
oocytes (IS), Furthermore, specific tissues and 
cell types can be targeted in vivo by several, 



potentially complementary approaches. These 
include (i) using promoter-enhancer elements 
that are tissue- and cell type-specific, (ii) 
administering the plasmid regionally into se- 
lected tissue compartments (19), and (iii) 
coupling targeting ligands to the liposome 
surface (20). High level, generalized or tissue- 
specific expression of heterologous genes di- 
rectly in adult animals could facilitate both 
the study and the control of molecular events 
in vivo and the range of diseases that can be 
treated by gene therapy. 
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